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Summary good agreement for the first 0.5 in. from the nozzle wall; but the
further into the core flow that measurements were taken, the
Experimental data were obtained on an optimally contouredmore that TDK overpredicted the boundary layer thickness.
nozzle with an arearatio of 1025:1 and on a truncated version of
this nozzle with an area ratio of 440:1. The nozzles were tested
with gaseous hydrogen and liquid oxygen propellants at com{ntroduction
bustion chamber pressures of 1800 to 2400 psia and mixture
ratios of 3.89 to 6.15. This report compares the experimental The design and analysis of efficient, high-area-ratio rocket
performance, heat transfer, and boundary layer total pressurgozzles requires the knowledge of core flow effects, boundary
measurements with theoretical predictions of the current Joinlayer effects, contour effects, supersonic shock effects, wall
Army, Navy, NASA, Air Force (JANNAF) developed method- heat transfer effects, and the specific impulse attainable. Data
ology. This methodology makes use of the Two-Dimensional on these effects have been difficult to obtain because there are
Kinetics (TDK) nozzle performance code. few altitude test facilities available for testing nozzles with area
Comparisons of the TDK-predicted performance to experi- ratios in the range of 700:1 to 1000:1. As a result, the primary
mentally attained thrust performance indicated that both thetools for nozzle designers are theoretical methods incorporated
vacuum thrust coefficient and the vacuum specific impulsein numerical codes. Many of these codes are based on the Joint
values were approximately 2.0-percent higher than the turbuArmy, Navy, NASA, Air Force (JANNAF) prediction method-
lent prediction for the 1025:1 configurations, and approxi- ology outlined in reference 1. One of the computer programs
mately 0.25-percent higher than the turbulent prediction formost often used for nozzle analysis is the Two-Dimensional
the 440:1 configuration. Kinetics (TDK) Nozzle Performance Computer Program
Nozzle wall temperatures were measured on the outside of &ef. 2). As stated in reference 3, when the methodology was
thin-walled heat sink nozzle during the test firings. Nozzle heatdeveloped, arearatios of 100:1 were considered large-area ratio
fluxes were calculated from the time histories of these temperanozzles. In the past 20 years, the need for increased perfor-
tures and compared with predictions made with the TDK code.mance from orbital transfer vehicles has required investigation
The heat flux values were overpredicted for all cases. The resultito area ratios of up to 1000:1. Several experimental programs
range from nearly 100 percent at an area ratio of 50 to onlyhave been undertaken to validate codes developed with the
approximately 3 percent at an area ratio of 975. Values of theJ ANNAF methodology at higher area ratios (refs. 3to 7). As a
integral of the heat flux as a function of nozzle surface area wereesult of these activities, the codes are considered validated for
also calculated. Comparisons of the experiment with analysesow-area-ratio nozzles (up to 300:1) and are being used to
of the heat flux and the heat rate per axial length also show thagéxtrapolate results to high-area-ratio nozzles. These extrapola-
the experimental values were lower than the predicted value.tions lack confidence without experimental validation and raise
Three boundary layer rakes mounted on the nozzle exitguestions as to the relevance of trade studies for future rocket
were used for boundary layer measurements. This arrangemeningine designs. Hence an experimental program (ref. 8) was
allowed total pressure measurements to be obtained at 14 difandertaken to provide data to validate the codes for high-area-
ferent distances from the nozzle wall. A comparison of bound-ratio nozzles at high chamber pressures. As part of this effort,
ary layer total pressure profiles and analytical predictions showa series of tests were conducted in the altitude test capsule at the
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Figure 1.—NASA Lewis Research Center's Rocket Engine Test Facility.

2 NASA/TP—1999-208522



NASA Glenn Rocket Engine Test Facility (RETF). Previous altitude test capsule, thrust stand, propellant feed system, and
testsinthis program were reported to be inthe laminar boundarydata acquisition system. The altitude test capsule (fig. 2)
layer regime (refs. 3 to 5) at a nominal combustion-chambersimulated the static pressure at altitude by three methods of
pressure of 2.4 MPa (350 psia) and at a Reynolds number, basedcuum pumping, all acting simultaneously. The first method,
on throat diameter, that ranged from %10 to 4.1410°. a second-throat diffuser, utilized the kinetic energy of the
Present tests were considered to be in the turbulent boundaryecket exhaust to pump the nozzle flow into a spray cooler. The
layer regime at combustion-chamber pressures that rangesecond method chilled the exhaust gas in the spray cooler where
from 12.4 to 16.5 MPa (1800 to 2400 psia) and Reynoldsapproximately half was condensed to liquid water and drained.
numbersbased on throat diameter, that ranged from=11.83 The third method pumped the remaining uncondensed exhaust
to 2.05¢10° (ref. 9). The nozzles used in these tests had nominaby nitrogen-driven ejectors. The facility ejector system reduced
2.54-cm- (1.00-in.-) diameter throats with area ratios of 1025:1the capsule pressure to approximately 4.1 kPa (0.6 psia), with
and 440:1, and were fired with gaseous hydrogen and liquidurther pumping accomplished by the engine exhaust. Addi-
oxygen. This report compares the performance and heat transgional facility details are given in references 4 and 8.
fer test results with the theoretical predictions of the TDK The thrust stand, which had a full-scale measurement range
computer code. In addition, boundary layer rakes were used tof 17.8 kN (4000 1§, was designed to have a standard deviation
measure the total pressure profile of the boundary layer fo2-g) variation of less thah0.1 percent of full scale. With the
comparison with analytical predictions. A symbols list is pro- test capsule at altitude pressure, the thrust stand was calibrated
vided in appendix A. against a reference load cell, which hada\&riation of less
than+0.05 percent of full scale and a calibration traceable to
the National Institute of Standards and Technology (NIST).

Apparatus The propellant feed system consisted of a gaseous hydrogen
fuel circuit and a liquid oxygen oxidizer circuit. High-pressure
Facility gaseous hydrogen bottles comprised the fuel circuit; the oxi-

dizer circuit was a high-pressure liquid oxygen tank pressur-
Testing was conducted at the NASA Glenn Rocket Engineized from high-pressure gaseous helium bottles (fig. 3). The
Test Facility (RETF) (fig. 1) and utilized on the facility’s flow rates were measured with calibrated venturis.
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Figure 2.—Schematic of altitude test facility.
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Figure 5.—Schematic of rocket combustion chamber.
Figure 4.—Rocket engine injector. All dimensions in inches (centimeters).

Test Hardware oxygen torch igniter located in the center of the injector ignited
the propellant mixture. As shown in figure 5, the combustion
The test hardware consisted of an injector, chamber, nozzlesshamber was a water-cooled copper spool 15.24-cm (6-in.)
and boundary layer total pressure rakes. The injector (fig. 4) hadong with an inside diameter of 5.22 cm (2.055 in.).
a porous faceplate for gaseous hydrogen injection and 36 tubes Two low-area-ratio nozzles= 10.7:1 and 4:1 (fig. 6), were
for liquid oxygen injection. A gaseous hydrogen and gaseousused to calibrate the effective combustion chamber pressure
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Axial distance Radius
from throat

cm in. cm in.

0 0 1.2700 0.5000
.3929 .1547 1.4371 .5658
4641 .1827 1.4961 .5890
.6068 .2389 1.6190 .6374
.7503 .2954 1.7404 .6852
.8230 .3240 1.8031 .7099

1.3246 .5215 2.2426 .8829
1.7844 .7025 2.6515 1.0438
2.3777 .9361 3.1643 1.2458
3.2062 | 1.2623 3.8572 1.5186
7.0256 | 2.7660 6.6703 2.6261
7.8931| 3.1075 7.2426 2.8514
9.6269 | 3.7901 8.3320 3.2803
10.6505 | 4.1931 8.9433 3.5210
11.6738 | 4.5960 9.5341 3.7536
12.9022 | 5.0796 | 10.2189 4.0232
15.3429 | 6.0405 | 11.5108 4.5318
16.5392 | 6.5115 | 12.1150 4.7697
19.5651 | 7.7028 | 13.5702 5.3426
23.3688 | 9.2003 | 15.2710 6.0122
25.4869 | 10.0342 | 16.1651 6.3642
29.5410 | 11.6303 | 17.7871 7.0028
33.7297 | 13.2794 | 19.3558 7.6204
36.2996 | 14.2912 | 20.2705 7.9805
38.8696 | 15.3030 | 21.1524 8.3277
41.4193 | 16.3068 | 21.9977 8.6605
47.2194 | 18.5903 | 23.8201 9.3780
51.1703 | 20.1458 | 24.9895 9.8384
55.1213 | 21.7013 | 26.1064 | 10.2781
60.4944 | 23.8167 | 27.5486 | 10.8459
71.1091 | 27.9957 | 30.1694 | 11.8777
76.2211 | 30.0083 | 31.3365 | 12.3372
90.6396 | 35.6849 | 34.3444 | 13.5214
105.3071 | 41.3532 | 36.9933 | 14.5643
113.0838 | 44.5212 | 38.3365 | 15.0931

Figure 7.—High-area-ratio nozzle on test stand. 128.5725 | 50.6191 | 40.6598 | 16.0078
16 —
Carbon 19
Water Carbon . steel Skll’t—\\ E g
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Figure 8.—Thruster assembly showing components and Figure 9.—Nozzle contour and coordinates.

expansion area ratios, €.
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Location Nominal Actual
distance from | distance from
nozzle wall, nozzle wall,
in. in.
1037:1 Area ratio nozzle
A 0.0655 0.0655
B .6855 .6795
C 1.3055 1.3135
D 1.9255 1.9345
E 2.5455 2.5645
F 3.1655 3.1615
G 3.7855 3.7865
440:1 Area ratio nozzle
A 0.0900 0.0900
B .7100 .7045
C 1.3300 1.2970
D 1.9500 1.9155
E 2.5700 2.5375
F 3.1900 3.1515
G 3.8100 3.7625
@
Location Nominal Actual
distance from | distance from
nozzle wall, nozzle wall,
in. in.
1037:1 Area ratio nozzle
A 0.0440 0.0440
B P P
C 4040 .3845
D P P
E .7640 .7535
F P P
G 1.1240 1.1280
440:1 Area ratio nozzle
A 0.0680 0.0680
B _— _—
C 4280 4195
D P _—
E .7880 .7455
F P _—
G 1.1480 1.0805

Flow

Flow

Figure 10.—Boundary layer rakes. (a) Nominally 4-in. high. (b) Nominally 1-in. high.
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Location Nominal Actual
distance from | distance from
nozzle wall, nozzle wall,
in. in. Flow
1037:1 Area ratio nozzle :
A J— _—
B 0.0895 0.0895
C J— J—
D 4495 .4380
E _— J—
F .8095 .8240
G P _—
440:1 Area ratio nozzle
I
A - --- e m ==
B 0.2845 0.2845
C _— J—
D .6445 .6440 7D
E "
F 1.0045 1.0125
G _— _—

Figure 10.—Concluded. (c) Alternate nominally 1-in. high.

P.eat the nozzle entrance as a function of the static pressur
P adt the end of the combustion chamber. Two high-area-rati
nozzle configurationg,= 1025:1 (fig. 7) and 440:1, were used
to obtain performance data. The nozzle converging-diverging
section was a water-cooled copper throat piece that started ¢
the 5.22-cm (2.055-in.) combustion chamber inside diameter
converged to the 2.54-cm (1.0-in.) throat, and diverged to a
area ratio of 30:1. At this point, a 0.635-cm- (0.25-in.-) thick
carbon-steel nozzle skirt was attached that continued the co
tour to an expansion area ratio of 440:1. The final piece of the
nozzle was a 0.635-cm- (0.25-in.-) thick carbon-steel skirt
extension that concluded the contour to an area ratio of 1025:
(fig. 8). The carbon-steel sections of the nozzle skirt, which|
were not actively cooled, were designed to survive the exhaus >
temperatures by nature of their inherent heat sink.
Contour calculations were based on the Rao nozzle optimi- Figure 11.—Nominal 1-in. rake mounted on a nozzle.
zation process (ref. 10), which uses a Rao nozzle design code
(ref. 11). Figure 9 shows a plot and a table of the nozzle Boundary-layer total pressure measurements were made
coordinates. A row of static pressure taps through the wall of thewith a series of three total pressure rakes (figs. 10(a) to (c)) that
carbon-steel nozzle skirt measured the nozzle wall static preswyere constructed with massive copper bodies to provide con-
sures, and chromel-constantan thermocouples spot-welded tduction and a heat-sink for the main probe support structure.
the outside surface measured the temperature of the outsidehe individual probe tubes were made of 0.203-cm- (0.08-in.-)
wall of the carbon-steel skirts. These thermocouples were preediameter tubing to provide adequate spatial resolution to the
referenced to a 67C (150°F) oven. Their specified absolute pressure profiles, yet they were not so fine as to have no thermal
accuracy wasl.1 K 2 °F). Temperatures were measured survivability. These tubes were made of a moly-rhenium alloy
at nine axial locations in a row, circumferentially displaced 45 to provide some additional thermal survival capability. Figure 11
from the static pressure tap locations. shows a nominal 2.54-cm (1-in.) rake mounted on a nozzle.
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Procedure recorded, and the thruster was shut down. The entire duration of
the shutoff gaseous nitrogen rake purge was 0.5 sec. This was

Experimental Procedure sufficient to allow the transducer to get well into steady-state
pressure.

Atmospheric Testing—Atmospheric pressure tests were
first performed with the two low-area-ratio nozzles (10.7:1 Analytical Procedure
and 4:1) to determing&, . The firings were approximately
3 sec in duration. A steady-state condition was reached at or Experimental results for all the tests were compared with
before 2.5 sec; this provided about 0.5 sec of steady-statanalytical predictions from the Liquid Propulsion Program
operation before shutdown. (LPP) (June 1994) version of the TDK code. This program

Altitude Testing—The high-area-ratio nozzles£ 1025:1 performs two-dimensional equilibrium, frozen, or kinetic nozzle
and 440:1) were tested at altitude. A typical altitude firing performance calculations with boundary layer effects (ref. 2).
started with the gaseous nitrogen ejectors evacuating the te3the computational portion of TDK consists of six modules:
capsule and spray cooler to a pressure of approximately 4.1 kRene-dimensional equilibrium (ODE), one-dimensional kinetic
(0.6 psia). At this pressure, the thruster was fired for about 3 se¢ODK), transonic flow (TRANS), method of characteristics
The pumping action during firing further reduced the pressure(MOC), and two boundary layer modules (BLM and MABL).
in the test capsule from 4.1 to approximately 1.4 kPa (0.6 toFigures 12(a) and (b) show the distribution of the modulesinthe
~0.2 psia). A steady-state pressure condition was reached atpzzle along with a master flowchart of the program (ref. 12).
or before, 2.5 sec, again providing about 0.5 sec of steady-stat brief description of the modules follows. Additional infor-
operation before shutdown. mation can be found in references 2, 3, and 12.

At thruster shutdown, the exhaust flow through the diffuser The ODE module calculates one-dimensional ideal rocket
stopped, and a pressure pulse propagated from the spray coolengine performance using either chemical frozen or chemical
to the test capsule, raising its pressure to the original 4.1 kPaquilibrium conditions. The ODK module calculates inviscid
(0.6 psia). Simultaneously, the two isolation valves betweenone-dimensional equilibrium, frozen, and nonequilibrium nozzle
the ejectors and the spray cooler were closed and the ejectoexpansion of gaseous propellant exhaust flows. The TRANS
were turned off. flow module calculates two-dimensional flow conditions in the

The high-area-ratio nozzles (1037:1 and 440:1) with thetransonic region of the nozzle throat. TDK uses this informa-
boundary layer rakes were tested at altitude exactly as the hightion to obtain an initial data line for the MOC module. The MOC
area-ratio (1025:1 and 440:1) nozzles without rakes, exceptthanodule calculates the loss in nozzle performance caused by
some operational techniques were added to improve the survivilow divergence. A finite difference mesh was constructed by
ability of the rakes. The addition of a new throat section, whichtracing gas streamlines and characteristic surfaces. A separate
was required for testing at the higher area ratio with boundaryboundary layer analysis was performed by using both the BLM
layer rakes, resulted in the 1037:1 configuration. Conventionaland the MABL modules. As reported previously (ref. 5), the
transducer installation at the end of some tubing length from thé8LM module calculates compressible laminar and turbulent
rake would require the tubing and transducer volume to fill with wall boundary layers in axisymmetric nozzles. BLM uses the
combustion gas until the pressure reached equilibrium. ThiKeller and Cebeci (ref. 13) two-point finite difference method
flow into the rake would have transferred significant heat to theto calculate the boundary layer properties and uses the Cebeci-
thin wall sections of the probe and tubing, resulting in melting Smith (ref. 14) eddy-viscosity formulation to model the turbu-
or burning. Such inflow was avoided by filling the transducer, lent boundary layer.
the connecting tubing, the rake, and the probe with room The MABL module found in TDK is a modified version of
temperature gaseous nitrogen at a pressure of very nearly futhe original MABL module, which was developed in 1971 by
scale on the transducer. This pressure produced a continuolgvine (ref. 15). Unlike BLM, MABL allows users to chose
outflow through the rake and probe tube that achieved threeither shifting equilibrium, frozen chemistry, or finite rate
beneficial effects: (1) hot gas would not flow into the rake, kinetics to govern the boundary layer flow chemistry. In the
(2) all the attendant hardware was cooled convectively by thecurrent analysis, the code was run with finite rate kinetics for
outflow, and (3) the outside of the rake was shielded and/othe MABL module. As with BLM, the Cebeci-Smith eddy-
film-cooled by spillage of the out-flow over the outside of the viscosity model is used to model the turbulent boundary layer.
rake. No boundary-layer measurements could be made during Both hardware dimensions and experimental test conditions
the gaseous nitrogen purge. However, the rake was well prowere input to the TDK code to model nozzle performance.
tected during thruster startup and until the nozzle flow achievedrable | gives the geometry input for the combustion chamber
steady-state conditions. Once at steady-state, the purge flow wasection through the tangent point of the throat exit radius, and
stopped by a high-speed solenoid valve. Then, the gaseoufgure 9 gives the coordinates for the nozzle contour. Each
nitrogen bled down untilitwas at the same pressure as the nozzlgoint was normalized by the throat radius before being input to
total pressure at the tip of the rake probe. This was therthe program. Table Il shows the experimental values input to

8 NASA/TP—1999-208522
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Figure 12.—TDK analysis (ref. 2). (a) Schematic. (b) Master flow chart.

TABLE .—GEOMETRY INPUT TO TDK FOR COMBUSTION
CHAMBER SECTION

Parameter TDK variablp Expansion area ratio,
1025:01 440:1

Throat radius, cm (in.) RS| 1.27 (0.%5) 1.262 (0.497)
Inlet contraction ratio ECRAT] 4.228 4.274
Inlet wall radiug RI 2 2
Inlet angle, deg THETAI 24 24
Upstream wall radius of curvatdre RWTU 2 2
Downstream wall radius of curvatdre RWTD 0.4 0.4
Nozzle attachment angle, deg THETA 39.41 39141
Nozzle exit angle, deg THH 7.94 15|5

*Normalized by throat radius.
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TABLE II.—RESULTS OF ALTITUDE PRESSURE TESTS

Reading| Nozzle throat| Nozzle exif Measured chamber pressure Effective chanmpbBropellant
area, A expansion pressure? mixture

area ratio, P ratio,
£ c.e OIF

cm? in.2 At injector end, Corrected for

Pc, a momentum
pressure loss,
Pe,T
MPa psia MPa psia MPa psia

569 5.067]0.7854 1025 12.485| 1810.8|12.448 | 1805.3 | 12.326 |1787.7 3.89
570 12.867 | 1866.1]12.797 | 1856.0 | 12.645 | 1834.0 597
571 12.675| 1838.3]|12.621 | 1830.4 | 12.488 | 1811.1 4.70
575 14.562| 2111.9|14.502 | 2103.3 | 14.350 | 2081.2 4.65
576 14.850 | 2153.8|14.775 | 21429 | 14.605 | 2118.2 5.68
577 14.429 | 2092.7 |14.373 | 2084.6 | 14.225 | 2063.1 4.47
580 16.586 | 2405.5]16.531 | 2397.5 | 16.364 | 2373.3 4.27
601 5.007| .7760 440 12.993| 1884.4112.923 | 1874.3 | 12.768 | 1851.8 6.15
602 5.007| .7760 440 12.740 | 1847.7112.681 | 1839.2 | 12.542 | 1819.0 511
603 5.007| .7760 440 12.621| 1830.4]12.581 | 1824.7 | 12.457 | 1806.7 4.01

8Calculated with low nozzle exit expansion area raticorrelation.

Reading Vacuum thrust, Ambient Characteristic Characteristic
Fyv pressure around exhaust exhaust velocity
nozzle, velocity, efficiency,
Py C* ness
N Ibf kPa psia m/s ft/s percent
569 11 863 2667.1 | 1.491 0.2162 2476 | 8124 98.9
570 12 957 2913.0 | 1.342 .1947 2330 | 7643 98.6
571 12 392 27859 | 1.313 .1905 2448 | 8033 99.7
575 14179 3187.7 | 1.470 .2132 2448 | 8033 99.5
576 14 904 3350.8 | 1510 .2190 2372 | 7782 994
577 14 010 3149.8 | 1.446 .2097 2467 | 8094 99.8
580 16 109 3621.7 | 1.582 .2295 2490 | 8170 100.2
601 12 498 2809.7 .9143 1326 2328 | 7637 99.2
602 11923 2680.5 7812 1133 2416 | 7925 99.5
603 11 450 2574.1 .6943 .1007 2497 | 8192 100.0
Reading Fuel injection Oxidizer injection Propellant
Pressure, Temperature, Pressure, Temperature, flow rate,
Pj T Poi Toi m
MPa | psia K °R MPa | psia K ‘R kg/s | lbm/s
569 16.563(2402.2| 297.1 | 534.8 |[13.509| 1959.3 112.6| 202.6 | 2.522 | 5.561
570 15.316(2221.3| 297.1 | 534.8 [14.393| 2087.4] 117.8]| 212.1 | 2.751| 6.064
571 15.863(2300.7| 297.3 | 535.1 [13.967| 2025.0 121.6| 218.8 | 2.584 | 5.697
575 18.317|2656.6] 296.3 | 533.3 |16.138| 2340.6) 108.6| 1954 | 2.970| 6.547
576 17.837(2586.9| 296.8 | 534.2 |16.778| 2433.3 111.6]| 200.9 | 3.120 | 6.878
577 18.353(2661.8| 296.8 | 534.3 [15.998]| 2320.3 115.0| 207.0 | 2.922 | 6.441
580 21.422|3106.9] 298.9 | 538.1 |18.521| 2686.1] 106.6| 191.8 | 3.329 | 7.340
601 15.311{2220.6| 300.7 | 541.3 [14.480| 2100.1 109.1| 196.3 | 2.746 | 6.054
602 15.570(2258.2| 299.5 | 539.1 [14.011] 2032.1 109.6| 197.2 | 2.600 | 5.731
603 16.431|2383.1) 299.3 | 538.8 |13.707| 1987.9 113.0f 203.4 | 2.498 | 5.506
Readindg Measured Thrust Vacuum | Vacuum specific
vacuum thrust coefficient| specific | impulse efficiency
coefficient, | efficiency,| impulse, n ,
c n ’ | : sp,V
FV Cryv sp,V percent
percent S
569 1.900 96.8 479.6 95.8
570 2.022 96.3 480.4 95.0
571 1.958 97.3 489.0 96.9
575 1.950 97.1 486.9 96.9
576 2.014 97.0 487.2 96.4
577 1.944 97.3 489.0 97.1
580 1.943 97.9 4934 98.2
601 1.955 94.0 464.1 93.2
602 1.899 94.2 467.7 93.7
603 1.836 94.2 467.5 94.1
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TABLE IIl.—NOZZLE INSIDE WALL TEMPERATURES

Reading| Effective combustior] Propellant Expansion area ratie,
chamber total pressurg mixture
at nozzle entrance, ratio, 50 | 50.6 | 100
Pc.e O/F Nozzle wall temperature
MPa psia K °R K °R K °R
569 12.326 1787.7] 3.89 431655 77679 ---{- -~ 363.59 654.47
570 12.645 1834.0 5.97 518.48 93326 ---{-- -~ 419.70 75p.46
571 12.488 1811.1 4.7 4917 88518 --+-- --1-- 407.41 733.33
575 14.350 2081.2 4.65 503.p9 905/92 --{-- - 409.86 73p.55
576 14.605 2118.2 5.68 536.p2 965|19 ---t-- ---1-- 43423 78[L.62
577 14.225 2063.1 4.47 | 49589 891{71 --f- -~ 42126 75B.27
580 16.364 2373.3 4.27 520.p7 93667 --{-- - 418.81 75B.85
601 12.768 1851.8 6.15 [  ---f - 505.84 909(62 ---f--  --f--
602 12.542 1819.0 511 | - - 496.83 894[30 ---f-- -}
603 12.457 1806.7] 401 | -} - 470.64 84716 ---{-- -}
Reading Expansion area rato,
101.2 | 200 | 2024 | 300 | 303.6
Nozzle wall temperature
K °R K °R K °R K °R K °R
569 | @ - | - 326.67 | 588.0L -----{ - 314.03 565p5 ---1- - -
570 | - | - 365.39 | 657.7) - - 34537 62167 ---1- @ - -
571 | e | - 360.81 | 649.4p -----] - 34437 619B7 - - -
57 | - | - 350.89 | 631.6L - - 330.11 595p8 ---1- - -
576 | @ - | - 378.03 | 680.4p - - 356.04 64088 ---1- - -
577 | - | - 378.01 | 680.4L - - 362.40 65260 ---1- - -
580 | @ - | - 359.93 | 647.88 - - 337.42 607.p4 ---1- - -
601 413.56 74441 e | e 35486 638p1 --1- - 33568 604/23
602 434.67 78241 - | e 387.87 697.p3 --1- ---1- 367/03 660|66
603 419.88 755.79 | - 386.30 695p4 ---- ---1- 373|126 67187
Reading Expansion area rato,
388.0 | 392.7 500 | 635 | 800 | 975
Nozzle wall temperature
K °R K °R K °R K °R K °R K | °R
569 31241 562.34 | | - 306.48 55166 309[00 556.20 31j0.91 5%9.63 3(8.89 556.01
570 336.46 605.63 |  -----| - 326.849 588.40 322096 581.32 320.07 576.13 314.78 566.60
571 337.66 607.78 | | - 329.03 592.p5 327|111 588.79 326.74 538.14 323.06 581.51
575 324.82 584.67 | | - 314.82 566.14 313156 564.40 311.21 5$0.17 310.17 558.31
576 347.07 624.73 | | e 335.12 604.p0 329(56 593.20 325.63 586.14 320.85 577.53
577 356.27 641.28 | | - 344.16 619.48 340{23 612.42 337.56 607.61 334.11 601.39
580 329.67 59341 [ | e 319.46 575.p2 31765 571.77 314.06 5$5.31 313.92 565.06
601 [ - | - 331.71 597.08| - - o - ] ] | e
602 [ - | @ - 360.11 648.20| - - A - ] ] | e
603 [ - | - 370.24 666.44| - | o ] ] ] | e

TDK: effective chamber pressure, mixture ratio, fuel injection nozzle wall temperatures according to the method described in
temperature, and oxidizer injection temperature. The propel+eference 5. Thesmalculated temperatures were then used as
lant injection temperatures were used to determine the propelrozzle input (table Ill). Conditions on the water-cooled com-
lant enthalpies. Since the fuel was gaseous hydrogen, the TDKustion chamber wall from the injector face through the throat
code used the enthalpy that waesed on the input tempera-
ture. The GASPLUS code (ref. 16) was used to determine thef this analysis, wall temperatures were distributed between
enthalpy for liquid oxygen on the basis of the experimentally 700 and 844.4 K (1260 and 152R) in this region. This
determined inlet pressure and temperature to the injectortemperature range was selected on the basis of previous com-
Because GASPLUS has a different reference state than TDKhustion chamber testing data (refs. 17 and 18). Sensitivity of the
the enthalpy values were corrected for this.

The experimentally determined outside wall temperatureswas negligible, especially in comparison to the effects of
and their time rate of change were used to calculate the insidehamber pressure and mixture ratio on the final results.
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TDK code results to variations in combustor wall temperatures
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The TDK code requires that the boundary layer be set tovhereF is the aneroid-corrected thrust aig is the nozzle
either laminar, turbulent, or transitional flow at either a specific exit area.
nozzle location or at a specific Reynolds number based on the Effective Chamber Pressure-For the effective combus-
momentum thickned3gy. WhenRe,= 400, the boundary layer  tion chamber total pressure at the nozzle entrigngde be truly
transitions to turbulent flow (ref. 5). Although it was assumed representative, a thorough survey of the distribution of pres-
that the boundary layer was turbulent, both TDK/BLM and sures in the combustion chamber would have had to have been
TDK/MABL were run in transition witliRg,= 400to allowthe  made by taking readings from several static pressure taps in the
code to estimate the exact transition point. In all cases, the codeombustion chamber. Then, these measurements would have had
indicated that transition occurred near the injector face in theo have been integrated and averaged to obtain an integrated
combustion chamber; therefore, the program results were basedean pressure that could be corrected for momentum pressure
onafully turbulentboundary layer. As a point of comparison, butloss and used &5, In an alternative method that was used for
of no physical significance, the code was also run with a lami-the present stud% oWwas determined by the following equation:
nar boundary layer assumption. These results are reported in

appendix B. 0P, 1 OOR, o O
The analytically predicted total pressures in the rakes were Pa il )
obtained from the LPP version of the TDK code using a pitot E R.a HE Rt H

probe subroutine. This subroutine provides total flow condi-

tions to simulate the placement of a pitot probe into the flow\yherep, , is the chamber pressure measured at a single injector

field at specified radial locations. faceplate positionP, /P, , is the conversion of the chamber
static pressure before combustion to total pressure after com-
bustion (momentum pressure loss), E}ggPC 1is the correc-

Experimental Data Analysis tion that accounts for any variations in pressure distribution
across the injector face. The momentum pressure loss was
Performance calculated by the following equation from reference 20:

Propellant Mass Flow—Propellant mass flows were meas- 1
O

ured with calibrated venturis. Each mass flow was calculated Rt _UR o 19 —Vay @
from conditions at the venturi throat by Pea P C*m(oDE) Ec

m= CypAV (1) whereP,/P; is the static-to-total pressure ratio in the combus-
tion chamber] is the theoretical subsonic specific impulse
whereC is the venturi discharge coefficieqt,is the throat  inside the combustion chambgy;is the proportionality con-
density,A, is the venturi throat area, aNds the velocity;p stant;V,, is the propellant mass-averaged injection velocity;
andV were calculated from one-dimensional mass and energyC* ThOD is the theoretical characteristic exhaust velocity, and
equations; and real fluid properties were obtained from theg is the Ezwuster contraction area ratio. The rqygl Twas
fluid properties program GASP (ref. 19). Venturi calibrations denved semi-empirically by the following procedure A series
of C4 were performed by the Colorado Engineering Experi- of low-area-ratio nozzle tests< 10:7 and 4:1) were performed
ment Station. Values of the discharge coefficient were trace+o develop a correlation between single-point chamber pressure
able NIST, and the uncertainty values wef@5 percent  measurements corrected for momentum pressure loss and the
of full scale. effective chamber pressure. These two pressures are defined at
Vacuum Thrust—The vacuum thrust was determined by the same axial location in the chamber and vary onlyngh,at
measuring the thrust produced at the test capsule ambient pregefines a single point arIQ defines an average pressure at
sureP, and by applying two corrections. The first correction that axial location. This procedure is a calibration of the injector
compensated for the thrust-stand zero shift that occurred fronand chamber pressure tap. In these tests, the contour of the
the change in capsule pressure during thruster startup. Thisombustion chamber up to the throat was identical to that used
correction, referred to as an aneroid correction, is explained inn the test of the high-area-ratio nozzles.
reference 4. The second correction adjusted the thrust meas- The contour downstream of the throat was identical to that of
ured at &, of approximately 1.4 kPa (0.2 psia) to the thrust that a low-area-ratio divergent nozzle with a thrust coefficient
would have been measureifhad been an absolute vacuum. calculated by an iterative procedure using the TDK program.
This thrust was calculated by adding the force induced by theThe calculated thrust coefficient obtained from TDK was used
capsule pressure on the nozzle exit area to the measured thrugjith the experimental measurements of thrust from the low-
area-ratio tests and with tlﬁg’e calculated by the following

F\/ =F+ (Pa X A@() (2) equation:
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R The values off, , mass flow, and vacuum thrust were
©) calculated as described in the preceding section. The throat
diameter was measured each test day to ensure that no distortion
) ) ) ) or eroding was occurring. None was observed, and an average
where Cg v tyrpk) IS the theoretical, two-dimensional- 51ye was used to calculate the throat area (tables | and II; one
kinetics, vacuum thrust coefficient aAgis the nozzle throat | ,ie for each throat section used).
area. Next, the values Bf ;were related to the calculated total Efficiency Calculations—The performance parameters
ressure after combusti , and a correlation was devel- . ; A i}
gped. This correlatiorP, jlg:TT which was plotted versus the Slif)pr']\éce':'v’- <) were divided by the theoretical, one-dimen
; c.e ' ¢, > -equilibrium (ODE) values obtained from the Chemical
propellant mixture ratidO/F, represents the correction for Equilibrium Composition (CEC) program (ref. 21) to derive
nonuniform pressure distributions (fig. 13). A straightline was e efficiencies. The inlet enthalpy conditions were derived
fit to the data with a least-squares best fit, and the equation of,om measurements of the injection pressure and temperature
this line was used as the correlation. of the hydrogen and oxygen. Equations for the various efficien-

Equation (3) is valid because the same injector and chambegies foliow. The characteristic exhaust velocity efficiency is
contour were used in both the low-area-ratio and high-area-
ratio tests. The chamber static pressure was measured at the
injector face static tap to obtai® ,, and the momentum Nes = c* 9)

. & . c* *

pressure loss conversion (eq. (4)) provigedP. . The semi C*Th(oDE)
empirical correlatiorP, /P, 1 versusO/F from the low-area-
ratio nozzle tests provided tRe /P, ; correlation.

Performance Calculations—By definition,

Po=— V.
“® " Cry (oK) A

the vacuum thrust coefficient efficiency is

Feehle - Cry
Cr = c,efA‘fgc (6) L (10)
m F,V, Th(ODE)
Fy = v ) and the vacuum specific impulse efficiency is
’ Pc,e/‘\t
lspv
F\/g nlspv = %V (11)
lpv = ¢ (8) V' gV, Th(ODE)
' mg
'_>
O 1.02 —
h
(8]
D-, o o
2 o
€ o
g o 0o
> 098 — °© o
0
g
o
e
8
5 0.94 |— © Experimental data
_‘C% ' Pc,e/Pc, T =0.994 - 0.00099(0/F)
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e
17
>
£
S 0.90 | I | |

Propellant mixture ratio, O/F
Figure 13.—Effective chamber pressure correlation.
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Heat Transfer appendix A of reference 5. Further analysis showed that axial
conduction and radiation losses were the primary heat losses

Seven test firings were for experimental determinations ofthat would cause errors in the heat flux determination. In
the attainable thrust performance of high-area-ratio rocketgeneral, these were less than 2 percent in the area considered.
nozzles. During these firings, the outer wall temperatures of thel'his error analysis is detailed in appendix B of reference 5.
carbon-steel, heat-sink nozzle skirt were measured. From these During performance testing of the 1025:1 nozzle, thermo-
measurements, the heat fluxes were calculated. couple measurements were taken at a rate of 50 Hz, averaged

The technique of calculating heat flux from the wall tempera- in groups of five, and displayed at 0.1-sec intervals. Table IV
ture data of a heat-sink nozzle was first employed in refer-lists the temperatures taken just prior to thruster shutdown.
ence 5. This technique, which is very simple in principle, At this point, the thruster was at steady state with regard to
resulted from observations that the nozzle wall temperaturehe static pressure measurements in the nozzle. Measurements
time histories were linear once the rocket thruster achievedvere taken at nine axial locations, which are identified in the
steady-state thrust. The slope of the time response of théable by the area ratio at the location. Also listed are the
temperature was directly proportional to the heat flux to thecombustion conditions of the thruster for each of the firings.
wall. A detailed derivation of this principle is presented in

TABLE IV.—NOZZLE OUTSIDE WALL TEMPERATURES

Reading Effective combustion| Propellant Expansion area ratio,
chamber total pressule  mixturg 50 | 50.6 | 100
at nozzle entrance, ratio, Nozzle wall temperature
Pc.e O/F
MPa psi
569 12.326 1787.7 3.89
570 12.645 1834.0 5.97
571 12.488 1811.1 4.70
575 14.350 2081.2 4.65
576 14.605 2118.2 5.68
577 14.225 2063.1 4.47
580 16.364 2373.3 4.27
601 12.768 1851.8 6.15
602 12.542 1819.0 511
603 12.457 1806.7 4.01
Reading| Expansion area ratic
101.2 [ 200 | 202.4 | 300 [ 303.6
Nozzle wall temperature
°R K °R K
569 551.38| - | ————- | 299.35
570 610.71 327.02
571 607.88 327.87
575 583.23 311.82
576 628.03 335.87
577 636.96 345.15
580 595.76 317.27
601 — —
602
603
Reading Expansion area ratic,
388 | 392.7 | 500 635 | 800 | 975
Nozzle wall temperature
K °R K °R K °R K °R
569 297.56| 535.61| 301.44| 542.60| 303.82| 546.88| 302.86| 545.14
570 316.16| 569.09| 314.66| 566.38| 313.57| 564.42| 309.35| 556.83
571 319.16| 574.49| 319.45| 575.01| 320.53| 576.95| 317.96| 572.32
575 303.44| 546.20| 304.79| 548.62| 304.29| 547.73| 304.32| 547.77
576 323.84| 582.92] 320.29| 576.52| 318.52| 573.34| 314.78| 566.61
577 333.86| 600.95| 332.06| 597.70| 330.83| 595.50| 328.28| 590.90
580 307.35| 553.23| 308.32| 554.98| 306.74| 552.13| 307.64| 553.75
601
602
603
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TABLE V.—EXPERIMENTALLY MEASURED RATES OF INCREASE IN NOZZLE TEMPERATURE

Reading Effective combustion | Propellan Expansion area ratig,
chamber total pressure[ mixture
at nozzle entrance, ratio,
Pee OlF 50 100 200
Measured rate of increase in nozzle temperature
MPa psia K/s °R/s Kis | °Rls Kis | °Rls
569 12.326 1787.7 3.89 63.6f 114.60 34189 62{81 1B.76 33.76
570 12.645 1834.0 5.97 81.6[L 146.89 4551 81]91 24.06 43.31
571 12.488 1811.1 4.70 73.04 131.48 4052 72{94 201.29 38.32
575 14.350 2081.2 4.65 80.7p 14529 45(32 81|57 24.77 44.59
576 14.605 2118.2 5.68 88.77  159.19 49{77 89|59 2p.85 48.33
577 14.225 2063.1 4.47 72.1p 129.88 42136 76{25 2p.25 40.05
580 16.364 2373.3 4.27 82.6B 148.82 48/15 86|67 2p.69 48.04
Reading Expansion area rat#o,
300 | 388 | 500 | 635 | 800 | 975
Measured rate of increase in nozzle temperature
K/s °R/s K/s °R/s K/s °R/s Kis [ °RI/s Ki/s | °RIs | K/s| °R/s
569 13.56 24.40 10.92 19.65 8.46 14.86 700 1260 6.57 11.82| 5.60 (10.08
570 16.89 30.40 13.37 24.06 9.93 17.87 7169 1384 6.03 10.86( 5.03 [ 9.06
571 15.24 27.44 12.13 21.84 9.13 16.44 7)09 12477 %.76 10.37| 4.73 | 8.52
575 17.45 31.41 13.74 24.74 10.26 18.46 812 1462 6.41 11.53| 5.43 | 9.78
576 18.63 33.54 14.77 26.58 10.99 19.19 8/58 1545 6.59 11.87| 5.63 (10.13
577 16.03 28.85 12.73 22.92 9.53 17.15 7158 1364 6.24 11.23|5.41 | 9.73
580 18.71 33.68 14.91 26.83 11.41 20.17 864 1555 6.79 12.22| 5.83 (10.49
The time rate of change of the nozzle wall temperature L, X
measurements was also noted. For every thermocogple, the rate Q= [qoA = Ug"mD; U (14)
of change for any thermocouple was constant during the last Ecose E
Ll I-1

second of firing. These measurements are tabulated in table V,

which shows the rate of temperature increadést, for all

nine locations for each of seven firings. From these values ofCalculated total heat rates for the seven firings are tabulated in
0T/ot, we could calculate the temperature of the inside wall: table VII.

0 Boundary Layer

RoTD ORCF | OR

- Q- =In (12) _ _ . , .

4ot H ER)E ERO Two different instrumentation configurations were used to
obtain total pressure measurements in the 12 firings reported

] ] ) ) herein. The first was with a single, nominally 4-in. high,

Equation (12) is derived in reference 5. ValuesTipwere boundary-layer rake (fig. 10(a)) with seven total pressure

obtained from table IV, and values @F/ot were obtained  ropes. The other was with two small rakes (figs. 10(b) and (c)),

from table V. Calculated inside wall temperatures are pre- nominally 1-in. high with three and four total pressure probes,

sented in table Ill. The heat fluxes to the wall of the nozzle were respectively. The rakes were mounted at the exit of the nozzle

T =T,

also calculated: with the two short rakes mounted 2&part. This arrangement
allowed total pressure measurements to be obtained at 14 dif-
KR 9T ? O ferent distances from the nozzle wall. The rakes were installed
q' = KR OT R 10 (13) with the probe tubes inserted into the exit of the nozzle, with the
2a ot %EH H probe tubes parallel to the nozzle wall. Because of the nozzle

wall divergence, the body of the rake was not radial, but per-
pendicular, to the wall. As a result, the individual probes were
each located at a slightly different axial dimension, and hence,

The heat raté to the walls of a rocket nozzle between two ataslightly different expansion arearatio (see figs. 10(a)to (c)).
axial locations can be determined by integrating the heat flux The boundary layer rake data were not manipulated, except

values with respect to the nozzle surface area. Details of thisfﬁrth?ftoml prehssurbe measurements, which were normalized by
derivation are in reference 5: the effective chamber pressure.

Equation (13) is also derived in reference 5. Calculated nozzle
wall heat fluxes are tabulated in table VI.
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TABLE VI.—EXPERIMENTALLY DETERMINED NOZZLE HEAT FLUX DISTRIBUTION

Reading Effective combustion _Propellant Charagterist'icl exhaust Expansion area ratie
chamber total pressurg mixture ratio, velocity efficiency, ’
at nozzle entrance, O/F (best fit curve)
50 100
Pee nc*,
percent Heat flux to nozzle walls, as measured
MPa psia kwim® | Btuin®sed  kw/nf | Btufinsed
569 12.326 1787.7 3.89 99.82 1422.7y 0.8706 77202 0.47
570 12.645 1834.0 5.97 99.07 1823.6p 1.1159 1006.[70 .61
571 12.488 1811.1 4.70 99.65 1632.2p .9988 896.p5 .54
575 14.350 2081.2 4.65 99.67 1803.8B 1.1038 100261 .61
576 14.605 2118.2 5.68 99.26 1983.8 1.2139 110116 .61
577 14.225 2063.1 4.47 99.72 1612.5 .9847 937.p4 .51
580 16.364 2373.3 4.27 99.76 1847.6 1.1306 1065.p0 .64
Reading Expansion area ratfo,
200 | 300 | 388 | 500
Heat flux to nozzle walls, as measured
KW/m? Btu/in >sec kwWind Btu/in%sec kwind | Btufin2sed kwWind Btu/in%sed
569 411.99 0.2521 296.78 0.1816 238.60 0.14640 180.26 0.11
570 528.52 .3234 371.30 2272 292.20 .1748 216.70 K
571 467.56 .2861 333.71 .2042 265.24 16233 199.38 .12
575 544.20 .3330 382.09 .2338 300.37 .1838 223.89 K
576 589.80 .3609 408.07 .2497 322.76 1915 239.91 .14
577 488.80 .2991 350.87 2147 278.31 .17Q3 207.88 .12
580 586.20 .3587 409.71 .2507 325.8Y .1994 244.65 .14
Reading Expansion area ratfo,
635 | 800 | 975
Heat flux to nozzle walls, as measured
KW/m? Btu/in>sec kwind Btu/in %sec kwind Btu/in %sec
569 152.64 0.0934 143.00 0.0875 121.91 0.0746
570 167.67 .1026 131.39 .0804 109.4p .0670
571 154.60 .0946 125,51 .0768 102.96 .0630
575 176.99 .1083 139.40 .0853 118.1p 0723
576 187.12 1145 143.65 .0879 122.41 .07409
577 165.22 1011 135.81 .0831 117.6f .0720
580 188.27 1152 147.90 .0905 126.8p .0776
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TABLE VII.—TOTAL HEAT RATE VALUES ADJUSTED TO A COMMON R ¢

Reading Effective Propellant Heat rate frong = 140 to 1025
combustion | mixture ratio,
chamber total OIF Experimental

pressure at

No adjustment$ Adjusted to Adjusted to Adjusted to
nozzle entrancej
Pee Pc e = 2063.1 psia nec- =100 percent | nex = 100 percent angd
Pc e = 2063.1 psia
MPa psia kw Btu/s kW Btu/s kw Btu/s kW Btu/s

569 12.326] 1787.
570 12.645| 1834.
571 12.488] 1811.
575 14.350] 2081.
576 14.605] 2118.
577 14.225] 2063.
580 16.364| 2373.

3.89 380.43 360(67 426.63 404.47 381.81 361.97
5.97 425.68 403(56 4671 44341 433.71 411.18
4.70 390.P3 369(96 433.10 410.50 392.98 372.56
4.65 443.65 420(60 440.b6 417.67 446.59 423.39
5.68 471.11 446(63 461.p7 437.81 478.15 453.31
4.47 416.83 395(17 416.83 395.117 419.17 397.39
4.27 476.84 452|107 426.80 404.]15 479.14 454.25

$8.17 4(05.93
16.54 4%1.78
B6.15 413.49
13.48 420.44
$8.17 443.85
19.17 397.39
$8.35 406.10

S S A~ A~ o e
A DD DD DD

Reading Heat rate from= 140 to 1025

TDK/MABL turbulent
Adjusted to ’L Adjusted to

Nc- =100 perce

tnc- =100 percent angl

Pc,e=2063.1 psia
kW Btu/s kw Btu/s
569 520.3q 493.3 583.57 553.25
570 617.5Q 585.4 678.44 643.23
571 559.61 530.5 621.14 588.81
575 626.04 593.5p 621.6 589.34
576 681.84 646.4 667.6% 632.96
577 608.04 576.4 608.0¢ 576.47
580 675.04 639.9 603.4§ 572.13

= 0T O O oW

Results N+ were derived for both the atmospheric and altitude tests.
Within the range of these tests, chamber pressure had no effect
Performance Results onnq and only a slight variation with respect@F. Fig-

ure 14 shows .. as a function o©/F for all atmospheric and

Atmospheric Pressure Tests-Tests were performed at altitude firings. A mean value af.. was described by a
atmospheric pressure to determine the relationship between theecond-order polynomial curve fit (eq. (15)) by the least-
effective and measured chamber pressures of the thruster. Trsgluares method, with values ranging from approximately
tests were conducted with low-area-ratio configurations99.0 to 99.9 percent.
(e = 10.7:1 and 4:1), the performance of which is well doc-
umented and agrees with calculated values from the TDK
program. Because of the low-area-ratio of the nozzles, an
altitude condition was not necessary to obtain full, unseparated . .
nozzle flow. The results of the nine successful atmospheric Altitude Tests—High-area-ratio nozzle tests were performed
tests are summarized in table VIII. In this table, the measuredt altitude conditions to avoid separated flow in the divergent

combustion chamber static pressure at the injector face is listeBOrtion of the nozzle. The first test objective was to ascertain

asP, , and equation (4) was used to deriveRhevalues from whether the flow was attached or separated by examining the

theﬁsa values. The effective chamber presétﬂ@g derived  Nozzle wall static pressure distribution. Static pressures, which
c,a )

from thrust measurements as previously described, are alsyere measured at eight axial locations, are given in table IX.
listed in table VIII. A consistent variation betweRn,andP, Figure 15 shows a typical dlstrlputlon along the Iength of the
was observed and was attributed to variations in the stati®0zzle. Plotted there from reading 577 are the static pressure

pressure profile that most likely occurred at the static tap used@tiosFs/R, ¢ versus the nozzle expansion ratio of the pressure

for theP. . measurements tap locations. When plotted on log-log coordinates, the resultis
c,a '

So that the decrease in thrust attributable to combustior® straight line. If the flow were separated, the pressure distribu-

losses could be properly accounted for, the characteristic exhau§@n would display a sudden increase. As this was not the case
velocity C* and the characteristic exhaust velocity efficiency for any of the tests, all the data reported have attached flow.

Nex = 98.43+0.824(0/F) - 0.120(O/F)? (15)
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TABLE VIII.—RESULTS OF ATMOSPHERIC PRESSURE TESTS

Reading| Expansio Nozzle throat Measured chamber pressure Propellant] Measured
area ratio area, At injector face,| Corrected for momentum  mixture thrust,
€ At Pe A pressure loss, ratio, F
PeT O/F
cm2 in.2 MPa psia MPa psia N {b
514 10.72 5.103| 0.7909 13.942| 2022.1 13.893 2014.9 421 11 209 | 2520.0
515 10.72 5.103 .7909 15.801| 2291.7 15.748 2284.0 4.16 12 677 | 2850.1
523 3.99 5.091 .7890 12.254| 1777.3 12.211 1771.0 419 9491 | 2133.7
524 3.99 5.091| .7890 | 12.524| 1816.4| 12.461 1807.3 5.38 97351 2188.6
526 4.02 5.047 7823 14.362 | 2083.0 14.293 2072.9 5.66 11174 2512.2
527 14.746 | 2138.7 14.675 2128.4 5.60 11 285| 2537.1
528 15.096 | 2189.4 15.023 2178.8 5.50 11511 | 2587.8
529 12.825| 1860.1] 12.756 1850.1 5.83 9808 | 2205.0
530 14.642| 2123.6 14.564 21123 5.98 11 423 | 2568.2
Readind Vacuum thrusg | Propellant flow Fuel injection Fuel injection Oxidizer
Fyv rate, pressure, temperature, injection
m Pj T pressure,
Poi
N b kals Ihys MPa psia K °R MPa psia

514 11 746| 2640.7| 2.852 | 6.287 | 17.818 | 2584.2 294.9 530.8 | 15.271| 2214.8
515 13 214f 2970.8| 3.158 | 6.962 | 20.030 | 2905.0 294.7 5304 | 17.411| 2525.1
523 9690| 21785 2500 | 5512 | 16.147 | 23419 308.5 555.3 | 13.399 | 1943.3
524 9934| 2233.3| 2.644 | 5.828 | 15389 | 2231.9 306.5 551.7 | 13.891| 2014.6
526 11 374| 2557.0| 3.037 | 6.696 | 17.508 | 2539.3 309.3 556.7 | 16.326 | 2367.8
527 11 486( 2582.2| 3.102 | 6.839 | 17.915 | 2598.3 300.8 5415 | 16.791| 2435.3
528 11711| 2632.8| 3.143 | 6.928 | 18.258 | 2648.0 299.1 538.4 | 17.036 | 2470.8
529 10 008| 2250.0| 2.707 | 5.968 | 15.341 | 2224.9 299.8 539.6 | 14.329| 2078.2
530 11 424] 2568.3| 3.082 | 6.794 | 17.420 | 2526.4 300.9 541.7 | 16.602 | 2407.8

Reading| Oxidizer Theoretically predicted Effective chambgr Correlatioh Characteristig
injection ODE vacuun] TDK vacuum | Vacuum total pressure pressure ratig exhaust
temperature, thrust thrust thrust calculated from for use in velocity
Toi coefficient, coefficient, | coefficient thrust, altitude tests,| efficiency,
CF,V,Th CF,V,Th efﬁCienCy, Pc,e Pc,e /PC,T r]c* ,
(ODE) (TDK) TDK/ODE, percent
r]C
F.Vv
K °R MPa psia
514 90.9 [163.6 1.737 1.673 96.3 13.758 | 1995.4 0.990 99.1
515 88.8 |159.9 1.736 1.673 96.4 15.483| 22455 .983 100.6
523 96.7 (174.1 1.601 1.557 97.2 12.230| 17738 1.002 100.2
524 929 |167.3 1.615 1.570 97.2 12.433| 1803.2 .998 99.5
526 |110.21198.3 1.619 1573 97.2 14.327| 2077.9 1.002 99.8
527 ]110.2 (1984 1.619 1572 97.1 14476 | 2099.5 .986 98.5
528 92.3 |166.2 1.617 1571 97.2 14.769| 21420 .983 98.9
529 92.8 1167.0 1.622 1576 97.2 12.585| 1825.3 .987 99.0
530 93.1 [167.6 1.623 1.576 97.1 14.365| 2083.3 .986 99.6
Reading Vacuum Vacuum Ambient pressure
specific specific around nozzle,
impulse impulse Py
'sp,V' efficiency,
S n'sp,\/ kPa psia
percent
514 420.0 95.5 98.143 14.234
515 426.7 96.9 98.109 14.229
523 395.2 97.4
524 3832 9.7 l 1
526 381.9 96.9
527 377.6 95.7 98.854 14.337
528 380.0 96.0 98.819 14.332
529 377.0 96.2 98.785 14.327
530 378.0 96.8 98.681 14.312

A\vieasured thrust corrected to vacuum conditions.
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TABLE IX.—NOZZLE WALL STATIC PRESSURES

Reading| Effective combustion 4t Propellept Expansion area ratio,
chamber total pressu mixturg 100 | 101.2 [ 200
nozzle entrance, ratio, Nozzle wall static pressure,gP
Pc.e O/F
MPa psia kPa psig kP3g psié kP psi
569 12.326 1787.7 3.89 1334 1.935| —— | —— 5.766 | 0.8362
570 12.645 1834.0 597 1439 | 2.087| —— | —— 6.281| .9109
571 12.488 1811.1 4.70 1490 | 2161 —— | —— 6.470 | .9383
575 14.350 2081.2 4.65 17.03| 2470 —— | —— 7.350| 1.066
576 14.605 2118.2 5.68 1720 | 2.495| —— | ——— 7.426 | 1.077
577 14.225 2063.1 4.47 16.80 | 2.436| —— | ——- 7.302 | 1.059
580 16.364 2373.3 4.27 19.09 | 2.769| —— | —— 8.253| 1.197
601 12.768 1851.8 615 | —— | - 1478 2143 | —— | -
602 12.542 1819.0 511 | —— | 1479 2145 | —— | -
603 12.457 1806.7 401 | - | - 13.68] 1984 | - | -
Reading Expansion area raticg
202.4 [ 300 | 3036 | 388 | 392.7
Nozzle wall static pressure,gP
kPa psia kPa psia kP4 psig kHa psia kPa pkia
569 | | —— 3476 05041 —— | -—— 2522 | 0.3658| - | -
570 | — | — 3929| 5699 —— | — 2990 | .4337| — | —
571 | | —— 3.895| .5649| —— | —— 2.832| .4108| -—— | -
57 | — | — 4456 | 6462 —-— | —— 3252 | 4717 | —
576 | | —— 4656 | .6753| —-— | -—— 3512| 5093 -—— | -
577 | — | — 4410 6396 —-— | —— 3232 .4688| -— | —
580 | | —— 4955 7186 —-— | -—— 3609| 5234 -] -
601 | 6.847| 09930 —— | —— 4,028 0.5842| - | —— 3.026| 0.4389
602 | 6.723| 9750 | —— | - 4.003| .5805[ - | - 2.968| .4305
603 | 6.172| .8952| —— | —— 3.725| .5403| -—— | 2.755] .3996
Reading Expansion area ratic;
500 | 635 | 800 | 975

Nozzle wall static pressure,gP

kPa psia kPa psia kP psi kP psfa
569 | 1.789| 0.2594| 1.351| 0.1959|1.008| 0.1462| 0.7853| 0.1139
570 | 2.224| .3225| 1.624| .2356|1.197| .1736| .9163| .1329
571 | 2.035| .2952| 1.496| .2169|1.105| .1602| .8550( .1240
575 | 2.299| .3335] 1.687| .2446|1.247| .1809| .9646( .1399
576 | 2535| .3676] 1.854| .2689|1.362| .1975| 1.048 1520
577 | 2.289| .3320| 1.674| .2428|1.246| .1807| .9550| .1385
580 | 2.549| .3697| 1.872| .2715|1.380| .2002| 1.069 1551
601 | —— | -
602 | — | —
603 | —-]| - || — | | |

Ten successful firings were accomplished at altitude—severbest fit by the least-squares method are shown. For the 1025:1
with the 1025:1-area-ratio nozzle and three with the nozzlenozzle, the thrust coefficients ranged from approximately
truncated to an area ratio of 440:1. Table Il summarizes thel.92 to 2.02, and for the 440:1 nozzle, they ranged from 1.83
hot-fire results, including measured and calculated values. to 1.94.

Figure 16 shows the nozzle thrust performance in terms of The nozzle thrust efficiency is shown in figure 17 as straight
Cry- Two sets of data are shown: the first is for the original lines of the best fit by the least-squares method. The efficiencies
nozzle with the 1025:1 area ratio, and the second is for theanged from approximately 96.6 to 97.5 percent for the 1025:1
truncated nozzle with the 440:1 area ratio. Straight lines of thenozzle and from 94.0 to 94.2 percent for the 440:1 nozzle.
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Figure 19.—Overall thruster efficiency as a function of mixture ratio.

Figure 18 shows the overall thruster performance withaplot  Figure 19 shows the overall thruster efficiency as the spe-
of specific impulse versud/F for both the 1025:1 and 440:1  cific impulse efficiency plotted as a function ©fF for the
configurations. The faired curves were obtained from the 1025:1- and 440:1-area-ratio configurations. Ideally, overall
product of the faired curves of figure 17 and the theoreti- specific impulse efficiency should be equal to the product of
cal ODE values of reference 21. The specific impulse attainedn andr]CF v as shown in equation (16):
was as high as 488 sec for the 1025:1-nozzle configuration and '

467 sec for the 440:1-nozzle configuration. Ncx XNegy, =N (16)

Y
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The faired curves shown in figure 19 were obtained from attributed to measurement uncertainties in effective combus-
the product of the best-fit curvespf. andr]CF fromfigures tion chamber total pressure, vacuum force, and mass flow rate.
14 and 17, respectively. The coincidence o'¥the faired curvesValuesofy,_ | ranged from 95.5t0 97.5 percent for the 1025:1
through the center of the apparent data scatter reinforces theonfiguratioh and from 93.3 to 94.0 percent for the 440:1
quality of the results. Deviations from this relationship were configuration.

TABLE X.—TDK/BLM TURBULENT PREDICTIONS

Reading Nozzle exit| Effective combustion Measured | Predicted propellant
expansion| chamber total pressure propellant flow rate
area ratio, at nozzle entrance, | mixture ratio,
€ O/F
Pce
MPa psia kagls Iby/s
569 1025 12.326 1787.7] 3.89 2.5144 5.5432
570 12.645 1834.0 5.97 2.7304 6.0198
571 12.488 1811.1 4.70 2.5937 5.7181L
575 14.350 2081.2 4.65 2.9464 6.562B
576 14.605 2118.2 5.68 3.1214 6.881
577 14.225 2063.1 4.47 2.937( 6.474B
580 16.364 2373.3 4.27 3.3617| 7.4111
601 440 12.768 1851.8 6.15 2.7384 6.0371
602 440 12.542 1819.0 5.11 2.6018 5.73949
603 440 12.457 1806.7| 4.01 2.5135% 5.5413
Reading Nozzle exit Computer code
expansion TDK/BLM Turbulent
area ratio, | Predicted characteristlc Predicted vacuum thrus{, Predicted| Predicted vacuum
€ exhaust velocity, vacuum thrust coefficient
C* Fv thr‘ust efficiency,
coefficient, ”c ,
F,V
Crv percent
m/s ft/s N Ibg
569 1025 2483.97 8149.51 11701 2630.f2 1.8y 95.49
570 2346.55 7698.64 12 754 2867.32 1.99 94.84
571 2439.50 8003.61 12 132 2727.59 1.92 95.26
575 2442.52 8013.57 13935 3132.98 1.9 95.45
576 2370.80 7778.23 14 619 3286.596 1.94 95.12
577 2454.20 8051.84 13742 3089.58 1.91 95.48
580 2466.44 8091.99 15719 3533.9B8 1.90 95.56
601 440 2334.25 7658.31 12 445 2797.95 1.95 93.61
602 440 2413.37 7917.89 11 861 2666.66 1.89 93.75
603 440 2481.10 8140.08 11 410 2565.17 1.88 93.83
Readind Nozzle exit Computer code Predicted| Predicted vacuum
expansion ODE ODK MOC TDK/BLM| vacuum specific impulse
area ratio, turbulent | specific | efficiency (adjusted),
€ impulse
Predicted vacuum specific impulseap,v, s (adjusted) Isva
percent
Ispv
569 1025 500.63 499.61 495.13 474.59 473.73 94.63
570 505.53 502.12 498.63 476.31 471.89 93.35
571 504.43 502.71 498.57 477.01 475.35 94.23
575 503.90 502.51 498.30 477.3 475.719 94.42
576 505.55 503.10 499.40 477.61 473.96 93.75
577 503.48 502.22 497.93 477.1Y 475.82 94.51
580 v 502.54 501.62 497.23 476.84 475.7D 94.66
601 440 497.81 494.39 482.30 463.46 458.64 92.13
602 440 498.99 496.98 483.92 464.9 462.62 92.71
603 440 496.58 495.52 481.57 462.9E 462.01 93.04
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TABLE XI.—TDK/MABL TURBULENT PREDICTIONS

Reading Nozzle exit Effective Propellant| Predicted propellan
expansion areal  combustion mixture flow rate
ratio, chamber total ratio,
€ pressure at nozgle O/F
entrance,
Pc,e
MPa psia kals IR/s
569 1025 12.32¢ 17877 3.89 2.5095 5.5323
570 12.645 1834. 5.97 2.724p 6.0052
571 12.488 1811.1 4.70 2.588pB 5.706(1
575 14.350 2081.2 4.65 2.970B 6.54%
576 14.605 2118.2 5.68 3.114B 6.86508
577 14.225 2063.1 4.47 2.93111 6.4618
580 v 16.364| 2373.3 4.27 3.3556 7.3976
601 440 12.764 1851.B 6.15 2.7342 6.0217
602 440 12.542 1819.p 5.11 2.5989 5.7296
603 440 12.459 1806.7 4.01 2.5127 5.5395
Readind  Nozzle exit Predicted Computer code
expansion areg characteristic TDK/MABL Turbulent
ratio, exhaust velocity] Predicted vacuum | Predicted| Predicted vacuun
€ c* thrust, vacuum | thrust coefficient
thrust efficiency,
Fv coefficient n
C Cev
FV percent
m/s ft/s N Ios
569 1025 2488.86 8165.54 1169 262816 1.8 95.40
570 2352.27 771743 12 751 2866.p8 1.94 94.82
571 2444.64 8020.47 12108 2722.p2 1.91 95.07
575 244753 8029.95 13923 3130.11 1.91 95.36
576 2376.1¢ 7795.19 14614 3285.p9 1.94 95.09
577 2459.12 8067.99 13732 3087.B0 1.91 95.41
580 v 2470.91 8106.85 15710 3531.83 1.89 95.50
601 440 2337.8B 7670.21 12 459 2800J75 1.9% 93.70
602 440 2416.0L 7926.%5 11 889 2671)58 1.89 93.93
603 440 2481.9& 8142.74 11 424 2568]73 1.88 93.96
Readind  Nozzle exit Computer code
expansion ared ODE | ODK MOC TDK/ | Predicted| Predicted vacuum
ratio, MABL vacuum | specific impulse
€ turbulent| specific efficiency
Predicted vacuum specific impulse,| impulse (adjusted),
| (adjusted) n,
sp,V,S Sp.Vr
lsp.v percent
569 1025 500.63 499.6l  495.13 475.06 474.20 94.72
570 505.53 502.12  498.63 477.37 472.93 93.55
571 504.43 502.71 498.58 477.97 475.41 94.25
575 503.900 502.5]  498.32 477.92 476.33 94.53
576 505.55 503.09  499.43 478.54 474.89 93.94
577 503.48 502.22  497.95 477.78 476.42 94.63
580 v 502.54| 501.62 497.24 477.48 476.2P 94.78
601 440 497.81 494.3p  482.34 464.64 459.82 92.37
602 440 498.99 496.98  483.94 466.28 463.98 92.98
603 440 496.54 495.5p  481.61 463.71 462.80 93.20

All the results discussed previously were compared withwith the MABL module. Tables X and Xl give the turbulent
analytical predictions obtained from the TDK computer pro- results for the BLM and MABL modules.(Laminar results are
gram, as previously described. Two turbulent models were rurgiven in table XVI in app. B.) Close examination of these
for each firing: one with the BLM module and one with the tabulated results shows that there is no significant difference
MABL module. A laminar boundary layer module was also run between the results obtained with the turbulent BLM and
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MABL modules. This is consistent with the findings of refer- used for this is the MABL module of the TDK computer
ence 6, which studied a 300:1 liquid hydrogen and liquid program. The first line, which is labeled TDK/MABL(lam),
oxygen nozzle. For simplicity, the rest of this discussion is represents losses attributable to laminar boundary layer growth
limited to the results obtained with the MABL module. along the nozzle wall. This is followed by the line labeled

Table Il gives the individual firing data points with the scatter, “laminar,” which represents performance losses attributable
and the following paragraph discusses the mean values reprde combustion losses or energy release losses. This was
sented by curve fits of these data. Figure 20 is a plot of the predetermined by multiplying the last predlctbsg v values by
dictedresultsandthe attalnggvofthethrusterW|th the 1025:1  ng.. These predictetl, ,, values can be compared with the
nozzle as a function @/F. The ODE values are the predicted experimentally attainel DV Next, is the line representing the
ideal, one-dimensional equilibrium values of specific impulse. experimental results. For simplicity, the figure—the individual
The ODK values are the predicted results for one-dimensional scatter of the experimental results—was not included and only
nonequilibrium flow, and the drop IQ vfrom ODE to ODK the best fit curve was shown. The line labeled TDK/MABL
represents the predicted loss in performance due to kinetics(turb) represents losses attributable to turbulent boundary layer
The third line, which was obtained from the MOC module, growth along the nozzle wall. The last performance decrement
represents the inviscid, two-dimensional, nonequilibrium pre- to be considered is thgp losses attributable to combustion
dictions. The difference between the ODK and MOC values islosses or energy release loss. These are given in the bottom line
the loss in performance due to nozzle divergence and shockn the chart labeled “turbulent.” The experimentally measured
losses occurring in the inviscid core portion of the nozzle flow. values did not fall on either the predicted laminar values or

The next specific impulse decrement to be considetedis turbulent values as expected, but do have very similar shapes
losses attributable to the boundary layer. The analytical modebnd are very nearly parallel to one another.
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m 500 — shock losses
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G / ! / layer losses
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Figure 20.—Predicted thrust chamber losses from ideal performance. Area ratio, €,
1025:1.
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Figure 21 is a plot ofnI as a function oO/F. Values values, and turbulent values are uniformly 2-percent lower than
of the predicted laminar and turbulent impulse efficiencies arethe experimentally achieved values.
shown for comparison to the curve of the experimentally Figure 22 is a plot cﬂtFVforthe 1025:1 nozzle as a function
achieved impulse efficiency. Predicted laminar values areof O/F. Shown here are the values of the predicted laminar,
about 0.5-percent higher than the experimentally achievedurbulent, and experimentally achieved nozﬁ],eyv. For
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Figure 21.—Thrust chamber performance efficiency. Area ratio, €, 1025:1. Specific
impulse, LTV is based on ideal one-dimensional equilibrium (ODE) results.
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clarity, the best fit straight line was plotted instead of the tion, again the experimentally attained efficiency for the 440:1
experimental data scatter. As in figures 20 and 21, the experieonfiguration is much closer to the TDK predicted turbulent
mentally achieved results are greater than the values obtainedhlues than to the predicted laminar values.
from the turbulent analysis but only slightly less than the values  Figure 26 shows th€. ,, of the 440:1-nozzle configuration
obtained from the laminar analysis. as a function o®/F. As was the case for the 1025:1 configura-
Figure 23 shows nozzlg-_ . as a function oO/F. As in tion, Cr. |, varies linearly with respect ©/F, and the experi-
figures 21 to 22, the experimentally achieved values are aboumnental values fall quite close to the TDK turbulent prediction,
0.5-percent lower than the predicted laminar values and uniand well below the linear predictions. Again, this is signifi-
formly 2-percent higher than the predicted turbulent values. cantly different from the 1025:1 results, where the experi-
For the next series of comparisons, the rearmost part of thenental values were closer to the laminar predictions. This
nozzle was removed. This provided a nonoptiminedzle correspondence is further illustrated in figure 27, which is a
truncated at an exit area ratio of 440:1 instead of extending tglot of Ncg as function 0O/F. The efficiency expressed
the optimized 1025:1 area ratio. The resulting divergencehere is, as elsewhere in this paper, based on the ODE values.
angles were higher than they would have been for an optimized’he experimentally attained efficiency is about 0.25-percent
440:1 configuration. Figure 24 is a plot of predicted thruster higher than the turbulent prediction and nearly 2-percent lower
performance and attained thruster performance for the 440:1han the laminar predictions.
configuration. Shown are the results of three firings. In compar-
ing the 440:1 performance (fig. 24) to that of the 1025:1 Heat Transfer Results
configuration (fig. 20), one observes the obvious decrease in
performance (~204g ) attributable to both areduced arearatio  The following is a discussion of the heat-transfer results
and an increased nozzle exit divergence angle. In comparisorgbtained using the experimentally measured outer wall tem-
the attained performance represented by the best fit curve to thgeratures. These results are presented in tables Il and VI.
predicted performance for the 440:1 configuration falls muchTable Il contains the calculated nozzle inner wall tempera-
closer to the predicted turbulent values than does the 1025:fures, and table VI contains the calculated heat flux to the nozzle
configuration, and it is lower than the predicted laminar values.wall. These temperatures and fluxes represent the experimen-
Figure 25 summarizes this same result by showjng, forthe tally determined values. The distribution of temperature along
440:1 configuration. In comparison to the 102571 configura- the length of the nozzle is shown in figure 28 for a typical firing
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Figure 25.—Thrust chamber performance efficiency. Area ratio, €, 440:1.
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(reading 577). Shown here are the measured outside walhozzle surface areas involved increase substantially because of
temperatures and the calculated inner wall temperatures as the nozzle contour. As a result, the heat rate to length ratio
function of the nozzle length expressed as the expansion aregroduct of heat flux times local circumference) of the trans-
ratio. Figure 29 shows the corresponding variation in calcu-ferred heat nearer the exit becomes more significant than is
lated heat flux. Although the heat flux decreases to comparaapparent in figure 29, which considers only the heat flux vari-
tively low values toward the exit of the nozzle, the correspondingation. This increased significance is apparent in figure 30,
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Figure 28.—Typical nozzle wall temperature distribution (reading 577).
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Figure 29.—Typical calculated nozzle heat flux distribution (reading 577, uncorrected
qll).
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Figure 30.—Typical nozzle heat rate/length distribution versus expansion area ratio
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which is a plot of the heat rate to length ratio as a function of thehe very specific nature of the various injectors and combustors
axial length expressed in terms of the expansion area ratio foused, the code was unable to account for combustion efficiency.
a typical firing (reading 577). In addition, the total heat rate Since we were able to measure this efficiency, an empirical
from an area ratio of 140:1 to an area ratio of 1025:1 at the exitorrection was made to the heat flux calculations. This correc-
was calculated to show the total heat load for the nozzle skirttion took the experimental values of heat flux and increased
This was done by integrating heat flux values over the wettedhem to what they would have been had we had 100-percent
surface area of the nozzle (table VII). Figure 31 plots the heatombustion efficiency. Characteristic exhaust velo€ityis

rates as a function of the combustion chamber pressure. Aroportional to the square root of the combustion gas tempera-
faired line of the sIopeP()O-Swas drawn through the reading ture; therefore,r[c*)2 should vary directly with the combustion
577 data point. For a given chamber configuration, heattemperature and heat flux. Hence,

transfer rate can be considered proportional to the chamber
pressure®, raised to the 0.8 power (ref. 22). It is obvious that
the data lie very parallel to this line, with a systematic scatter
apparent because of t#F variation of the firings.

Toreconcile th&, variation of these data, the heat rate values
were adjusted to what they would have been if all the firings had
been at the sanf@. TheP, selected was that of the typical The empirical values of. as a function oO/F were read
firing, reading 577, which was 2063.1 psia. The other heat ratdrom the best fit curve, equation (15) from figure 14. The
values were corrected by multiplying them 1539?-8. These adjusted experimental heat flux values are tabulated in table XII.
values are tabulated in table VIl and are also plotted in figure 32Zable XII also includes heat flux values predicted by the TDK
versusO/F. The data are well characterized by a straight line computer code with the turbulent BLM and MABL modules. In
and show a minimal amount of scatter, which is caused pri-addition, a laminar boundary layer module was run using the
marily by experimental uncertainty. MABL module. For reference, results can be found in table

All these experimental results were then compared with theXVIl of appendix B. Because there was no significant differ-
analytical predictions obtained from the TDK computer pro- ence between the turbulent BLM and MABL modules, the
gram as previously described. This computer code accountetemaining calculations and discussion are limited to results
for all the real effects expected with one exception. Because ofalculated with the MABL module.
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Figure 32.—Nozzle skirt heat rate (area ratio, €, 140:1 to 1025:1) as a function of
mixture ratio (corrected to P¢ ¢ = 2063.1 psia). Curve represents heat rate, Q.
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TABLE XIl.—EXPERIMENTAL (nc- = 100 PERCENT) AND TDK TURBULENT HEAT FLUX DISTRIBUTIONS

0.0748
.0683
.0635
.0728
.0760
.0724
.0780

0.0722
.0852
0777
.0868
.0941
.0847
.0939

Reading Effective Propellant Expansion area ratie,
combustion mixture
chamber total ratio,
pressure at nozzle  O/F
entrance, 50 | 100 | 200
Pce Heat flux to nozzle walls
MPa | psia KW/m? |Btu/in.2-s| kW/m2|Btu/in.2-s| kW/m2|Btu/in.2-s
Experimental adjusted tp-* = 100 percent
569 12.326| 1787 3.89 1428.00 0.8788 774.80 0.4r41 413.46 0530
570 12.645| 18340 5.97 1857.97 1.13p9 102§.82 .6R77 538.48 B295
571 12.488| 18111 4.70 1643.Y2 1.00%8 902.76 .5p24  470.83 2881
575 14.350( 2081.2 4.65 1815.81 1.1111 1009.31 6[L76  547.80 B352
576 14.605| 2118p 5.68 2013.55 1.23P1 1117.66 .6B39 598.62 B663
577 14.225| 20631 4.47 1621.66 .99p3 942.47 567  491.58 {3008
580 16.364| 23733 4.27 1856.50 1.1360 107(.43 .6p50  588.98 B604
TDK/MABL turbulent
569 12.326| 17877 3.89 2556.94 15646 1383.06 0.8463 714.66 04373
570 12.645| 18340 5.97 3098.87 1.89%9 167(0.53 1.0p22 853.89 p225
571 12.488| 18111 4.70 2754.85 1.68b57 1491.74 9128 768.26 A701
575 14.350| 2081p 4.65 3043.y8 1.86R5 1673.79 1.0p42 853.73 p224
576 14.605| 2118p 5.68 3372.16 2.0688 1833.13 1.1p17  94P.47 p767
577 14.225| 2063f1 4.47 2975.80 1.8209 1618.23 .9p02  8209.05 p073
580 16.364| 2373 4.27 3242.83 1.9843 178(.18 1.0B93 922.04 p642
TDK/BLM turbulent '
569 12.326| 17877 3.89 2553.84 15627 1361.98 0.8834 764.83 04680
570 12.645| 18340 5.97 3222.90 1.97P1 1719.06 1.0p19 956.69 p854
571 12.488( 18111 4.70 2781.65 1.70P1 1487.00 9p99  835.26 p111
575 14.350| 2081 4.65 3105.23 1.90p1 166%.95 1.01194 926.45 p669
576 14.605| 2118p 5.68 3493.69 2.13y8 1868.92 1.1436 1087.91 6351
577 14.225| 20631 4.47 3011.75 1.84p9 1603.85 9B14  892.30 p460
580 16.364| 2373 4.27 324594 1.9862 1760.57 1.073 984.80 6026
Reading Expansion area ratie,
300 | 388 | 500 | 635 | 800 | 975
Heat flux to nozzle walls as measured
KW/m® |Btu/in.2-s| kW/m2| Btu/in.z-s| Kwini” |Btu/in.2-s| Kwini” |Btu/in.2-s| Kwini” |Btu/in.2-s| kW/m2| Btufin-s
Experimental data adjustedrig* = 100 percent
569 297.92| 0.1823 239.42 0.1465 180.p1 0.1307 153.13 0.0937 143.49 00878 |122.24
570 378.33 2315 297.16 .1827 220./9 1351 170.78 1045 133.84 10819 |111.62
571 336.16 .2057 267.04 .1634 200.p9 1428  155%.74 .0953  126.33 10773 1103.77
575 384.70 .2354 302.%50 .1851 225.86 1379 178.30 .J091  140.38 0859 (118.97
576 414.12 .2534 327.67 .2004 243.50 1490 189.90 1162 145.77 0892 1124.20
577 353.00 2160 279.95 1713 209.118 1480  166.20 1017 136.62 10836 118.32
580 411.67 2519 327.34 .2003 245.)79 .1504  189.25 1158  148.55 L0909 |127.47
TDK/MABL turbulent
569 469.03| 0.2870 355.18 0.2177 26377 0.1614 20199 0.1236 1%0.84 00923 (117.99
570 557.28 3410 421.96 .2582 317.p1 1941 238.93 1462 166.53 (1019 |139.24
571 505.47 3093 381.92 .2337 288.p8 1464 216¢.54 1325 162.61 10995 1126.98
575 564.47 .3454 427.19 .2614 323.p1 1982 243.34 1489  181.24 11109 |141.85
576 616.44 3772 466.09 .2857 351.p4 2148  263.44 1612 196.76 11204 |153.78
577 548.94 3359 414.61 .2537 313.p8 1917 236¢.64 1448  176.50 11080 |138.42
580 607.12 3715 462.66 .283] 347.p3 2129  262.30 1605 196.27 11201 |153.46
TDK/BLM turbulent
569 493.38| 0.3019 360.51 0.2204 275.87 0.1885 206.90 0.1266 1%5.58 00952 [|122.08
570 615.13 3764 449.%8 .275] 341.p3 .2088  257.39 1575 193.00 1181 |151.82
571 538.65 3296 392.%5 .2407 302.p4 1450 22¢.34 1385 170.13 1041 |133.68
575 601.08 .3678 437.00 .2674 334.p4 2044 25151 1539  188.59 11154 1148.39
576 667.43 4084 488.64 .299( 372.p8 2478  278.80 1706 209.51 1282 1164.24
577 577.05 3531 423.27 .259( 323.p1 1982 243.99 .1493 1{3.04 1120 |144.14
580 642.91 .3934 470.66 .288( 358.[72 21495  269.16 1647  202.48 11239 |158.69

0.0747
.0929
.0818
.0908
.1005
.0882

.0971
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Figure 33 compares the TDK-predicted heat flux values with rate is the integral of the heat flux over the wetted surface area
the commensurate experimentally measured heat flux valuesf the nozzle. All seven firings are represented by the data
forreading 577 (adjusted fqg.). Thisis a plot of the heat flux  points obtained from table VII. Heat rates in this plot were
variation along the axial length of the nozzle expressed as thgeneralized to a common combustion chamber pressure of
expansion area ratio. As seen in the figure, the experimenta2063.1 psia, as they were in figure 32. The heat rates were also
values fall below the heat flux values predicted by TDK for a adjusted to the heat transfer values that would have occurred if
turbulent boundary layer but are above the values predictedhe combustion were perfeat. = 100 percent) so that the
with a laminar boundary layer assumption. This was typical for TDK values could be compared to them. As in figures 33
all seven of the firings tabulated. This same variance betweerand 34, the experimentally obtained values fall below the
prediction and experimentis evidentin figure 34, which is a plot TDK-predicted values. This shortfall is quite consistent over
of the heat rate to length ratio as a function of the location in thethe entire mixture ratio range, varying from 40 percent at
nozzle forreading 577. The heatrate to length ratio, which is theD/F = 4 to 43 percent &/F = 6.
product of the heat flux times the local circumference, can take
into consideration that the surface area of the nozzle is greatdBoundary Layer
toward the exit because of the nozzle contour. Again, the
experimental values fell below the heat rate to length ratios Twelve firings were conducted at nominal combustion
predicted by TDK for the turbulent boundary layer case butchamber pressures of 1800 psia, evenly divided amongst pro-
were above the values predicted with a laminar boundary layepellant mixture ratios of 4, 5, and 6. Six of these firings were
assumption. The distributions of the heat flux and the heat ratevith the 1037:1-area-ratio nozzle, and six were with the nozzle
to length ratio along the length of the nozzle were similar for all truncated to the 440:1 area ratio. In all these cases, boundary-
seven firings. Figure 35 illustrates the variation of the heat ratdayer pressure profile measurements were obtained with the
with respect to thé/F. This plot illustrates the total heat previously described boundary-layer total pressure rakes.
transferred from an area ratio of 140:1 to 1025:1 as a function To verify that the thrust performance and combustion per-
of O/F. As with the previous two plots, the experimental results formance of the 12 firings were representative of the firings with-
fall between the turbulent and laminar TDK predictions. Heat out the rakes, th€*, Cg,, andlspyvvalues were calculated
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Figure 33.—Typical calculated (experimental) and predicted nozzle heat flux distri-
bution (reading 577). Experimental values are corrected for characteristic exhaust
velocity efficiency.
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and compared with the results of the firings without the rakes.the small difference in area ratio, the thrust performance was
Table XIII lists the thrust performance results of the 12 fir- essentially the same as for the previous tests. This is obvious in
ings, and figure 36 ploty.. versusO/F. The faired curve  comparing the thrust coefficient data points with the fitted
represented by the equation shown is the curve fit for thecurves. Agreement with the previous tests is also evident
data without the rakes previously described. The plotted datan figure 38, which is a plot of thg._, ,as a function 0O/F.
points all fall within the scatter from earlier firings. Figure 37 The faired lines represent the mean values of the previous
shows the nozzl€. ,, data of table XIII plotted versu/F. firings. The data points, which are from table XIlII, agree with
In spite of the drag produced by the boundary-layer rakes andhe faired curves within the apparent scatter.

TABLE XIIl.—RESULTS OF BOUNDARY LAYER TESTS

Reading Nozzle throat areq, Nozzle exit Measured chamber pressure Effective combustion Propellant
A expansion Atinjector end, Corrected for momentum chamber mixture ratio,
area ratio, pressure loss, total pressure at O/F
€ Pc.a a
PeT nozzle entrace,
PC,E
2 2 ] ] ]
cm in. MPa psia MPa psia MPa psia
589 5.007 0.776 1037 12.545 1820.0 12.507 1814}4 12.38B 1796.5 3.97
592 13.008 1887.1 12.940 1877.2 12.787 18551 5.91
593 12.678 1839.2 12.621 1831.0 12.484 18111 4.98
596 12.731 1847.0 12.676 1838.9 12.539 18191 4.91
597 12.580 1825.1 12.544 1819.8 12.421 180210 3.89
598 v 13.090 1899.0 13.022 1889.1 12.870 1867|1 5.80
607 440 12.905 1872.2 12.836 1862.2 12.684 1840.2 5.99
608 12.651 1835.3 12.594 1827.0 12.458 1807.3 4.95
609 12.480 1810.6 12.443 1805.1 12.321 17874 3.91
612 12.978 1882.8 12.911 1873.0 12.760 18511 5.85
613 12.781 1854.2 12.727 1846.4 12.592 18248 4.76|
614 v v 4 12.576 1824.5 12.542 1819.5 12.420 1801(8 3.84
Reading Vacuum thrust, Ambient pressure around Characteristic exhaust | Characteristid
nozzle, velocity, exhaust
Fv P C* velocity
a efficiency,
N Iy kPa psia m/s ft/s pggént
589 11885 2671.9 1.313 0.1904 2497 8193 99.9
592 12 920 2904.6 1.502 218 2341 7680 98.9
593 12 318 2769.4 1.378 .200 2418 7934 99.2
596 12 369 2780.9 1.450 .210 2420 7938 99.1
597 11 860 2666.4 1.400 .203 2492 8175 99.5
598 13015 2926.1 1.540 .223 2349 7707 98.9
607 12 278 2760.4 .892 129 2350 7710 99.6
608 11 777 2647.6 .807 117 2448 8031 100.4
609 11 298 2540.0 1.668 .242 2514 8248 100.5
612 12 427 2793.8 .928 135 2372 7782 100.0
613 11 810 2655.1 .885 128 2458 8065 100.2
614 11 322 2545.5 .849 123 2509 8231 100.1

a . . . . .
Calculated with low nozzle exit expansion area ratio correlation.
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TABLE Xlll.—Concluded.

Reading Fuel injection Oxidizer injection Propellant flow rate
Pressure, Temperature, Pressure, Temperature, m
P Tsi P Tsi
MPa psia K °R MPa psia K °R kg/s Ibm/s
589 | 16.413| 2381.1 2994 539.0 13.67D 1983.2 111.8 201.3 2.48 5.48
592 15.479| 2245.4 300.7 541.3 14.49D 2102.2 109.8 196.7 2.74 6.03
593 15.619| 2265.9 300.1 540.1 13.96p 2025.4 109.1 196.3 2.59 5.70
596 15.738| 2283.3 299.3 538.8 14.044 2037 4 118.8 212.4 2.60 5.72
597 | 16.569| 2403.9 298.2 536.8 13.678 1984.3 113y 204. 2.50 5.50
598 | 15.637| 2268.5 298.8 537.9 14.60y 2119.1 107.1 192.1 2.74 6.05
607 | 15.245| 2211.4 298.3 536.9 14.36y 2084.3 112.4 202.4 2.Y0 5.96
608 15.510] 2250.1 298.2 536.7 13.90p 2016.9 110.9 199.7 2.55 5.62
609 16.303| 2365.1 298.0 536.4 13.549 1965.4 111.9 201.4 2.45 5.41
612 15.399| 2234.4 301.2 542.1 14.44p 2096.4 1110 199.4 2.69 5.4
613 15.847| 2299.4 300.3 540.6 14.04p 2037.4 110.9 199. 2.57 5.66
614 | 16.582| 2405.4 299.9 539.8 13.648 1980.4 114.p 205.¢ 2.48 5.47
Reading Measured | Vacuum Vacuum Vacuum
vacuum thrus{ thrust specific specific
coefficient, | coefficient| impulse, impulse
efficiency, efficiency,
Cryv ) Isp,vi )
CeV S Ispv
percent percent
589 1.917 97.4 488.0 97.4
592 2.018 96.3 481.6 95.3
593 1971 97.0 485.9 96.2
596 1.970 97.2 486.0 96.2
597 1.907 97.2 484.5 96.8
598 2.020 96.8 483.8 95.7
607 1.933 93.4 463.2 93.0
608 1.888 94.1 471.2 94.5
609 1.831 94.2 469.5 94.6
612 1.945 94.3 470.5 94.4
613 1.873 93.9 469.5 94.1
614 1.821 93.8 465.7 93.9
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Figure 36.—Characteristic exhaust velocity efficiency as a function of mixture ratio for
tests with boundary layer rakes installed.
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Figure 37.—Nozzle thrust performance as a function of mixture ratio for tests with
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Figure 39.—Overall thruster efficiency as a function of mixture ratio for tests with the
boundary layer rakes installed.
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Figure 40.—Overall thruster performance as a function of mixture ratio for tests with
the boundary layer rakes installed.
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Overall performance of the thruster is illustrated by figure 39, 1037:1 configuration, along with bands of boundary layer

which is a plot ofy,

as a function o®/F. Faired curves of

thicknessd and displacement thickne$$ from the TDK

the mean values of the previous firings are shown with the datgredictions. To avoid the scatter caused by slight variances in
points of table Xl superimposed; again, there is very good combustion chamber pressure among the six firings plotted, the
agreement within the scatter band. Figure 40 shows the actuaheasured total pressures were normalized by the combustion

specific impulse attained vers@F. Here, the faired curve

chamber pressurg, , and the resultant pressure ratio was

shows the mean values for the previous nonrake firings, and thelotted versus the distance from the wall. The symbols for the
individual data points are the values for firings with the rakes. data points are coded to indicate the non@glfor each point.

The total pressure measurements, along with pertinent tesf slight dependence on mixture ratio is evident in the distribu-
conditions, are listed in table XIV, which shows test results for tion on the plot. Also evident is the consistent agreement of the
boththe 1037:1-and 440:1-area-ratio nozzles. Figure 41 showdata: all the data obtained in six separate firings with three
a graphic illustration of the pressure profile measured for thedifferent total pressure rakes defined the same total pressure

TABLE XIV.—EXPERIMENTALLY MEASURED BOUNDARY LAYER TOTAL PRESSURE

w

Reading| Nozzle exit Effective combustion Propellant mixturg Rake total pressure
expansion arep chamber total pressure at nozgle ratio,
ratio, a O/F
€ entrance,
Pce Tube A (1in.) Tube A (4in.)
Exact area ratio of tube, 1019.6Exact area ratio of tube, 1019|7
(0.0440 in. from nozzle wall)] (0.0655 in. from nozzle wall)
MPa psia kPa psia kPa psia
589 1037 12.383 1796.5 397 | e e 9.263 1.344
592 12.787 1855.1 591 | e | e 8.546 1.240
593 12.484 1811.1 498 | e | e 8.403 1.219
596 12.539 1819.1 491 5.714 0829 | | e
597 12.421 1802.0 3.89 5.985 868 | - | e
598 v 12.870 1867.1 5.80 5.692 826 | e |
Exact area ratio of tube, 418J7 Exact area ratio of tube, 418.9
(0.0680 in. from nozzle wall)]  (0.0900 in. from nozzle wall)
kPa psia kPa psia
607 440 12.684 1840.2 599 | | 48.499 7.036
608 12.458 1807.3 495 | e | e 43.385 6.294
609 12.321 1787.4 391 | e | e 38.842 5.635
612 12.760 1851.1 5.85 44.625 6.474 | - | e
613 12.592 1826.8 4.76 43.564 6.320 | s | e
614 12.420 1801.8 3.84 43.154 6.261 | - | e
Reading Rake total pressure
Tube B (1in.) Tube C (1in.) Tube D (1in.) Tube B (4in.)
Exact area ratio of tube, 1019.6 Exact area ratio of tube, 1020.5 Exact area ratio of tube, 1020.7Exact area ratio of tube, 1021
(0.0895 in. from nozzle wall) (0.3845 in. from nozzle wall) (0.4380 in. from nozzle wall)] (0.6796 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
589 | - | e | e e e e 22.177 3.217
592 | e e e e e e 20.969 3.042
593 | e | e e e e e 20.758 3.011
596 11.084 1.608 17.653 2.561 19.575 2840 | e | e
597 11.429 1.658 18.073 2.622 20.221 2934 | e | e
598 11.091 1.609 18.122 2.629 19.679 2855 | e | el
Exact area ratio of tube, 420{1 Exact area ratio of tube, 421.0| Exact area ratio of tube, 422/5 Exact area ratio of tube, 422.
(0.2845 in. from nozzle wall) (0.4195 in. from nozzle wall) (0.6440 in. from nozzle wall)] (0.7045 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
607 | e | e e e e e 49.457 7.175
608 | @ - | e e e e e 48.765 7.075
609 | - | e e e e e 47.098 6.833
612 66.550 9.655 78.547 11.395 88.351 12.818| - | e
613 65.898 9.560 81.269 11.790 88.403 12.825| - | e
614 64.621 9.375 79.177 11.487 88.342 12.816( - | -
aDamaged tube.
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TABLE XIV.—Concluded.

Reading| Rake total pressure
Tube E (1 in.) Tube F (1in.) Tube G (1in.) Tube C (4 in.)
Exact area ratio of tube, 1021.5 Exact area ratio of tube, 1021.7] Exact area ratio of tube, 1024.4Exact area ratio of tube, 1022|9
(0.7535 in. from nozzle wall) (0.8240 in. from nozzle wall) (1.1280 in. from nozzle wall)] (1.3135 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
589 | - | . | o | | | 32.818 4.761
592 | - | | e e e 31.762 4.608
593 | - | - e e e 31.562 4.579
596 24.148 3.503 25.719 3.731 30.490 4423 | . |
597 25.062 3.636 26.863 3.897 31.898 4628 | - | -
598 24.565 3.564 22.626 3.282 30.687 4452 | . |
Exact area ratio of tube, 423]1 Exact area ratio of tube, 424.9| Exact area ratio of tube, 4253 Exact area ratio of tube, 426.8
(0.7455 in. from nozzle wall) (1.0125 in. from nozzle wall) (1.0805 in. from nozzle wall)] (1.2970 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
eo7 | - | o | | e e 61.990 8.993
608 | - | e e e 59.774 8.672
609 | - | | e e e 58.040 8.420
612 88.322 12.813 52.079 27 555 70.708 0258 | 0 om0 .
613 55.122 7.997 25.719 83731 30.488 423 | e
614 56.512 8.199 51.215 87,430 39.138 ¥e78 | 0 .. |
Reading] Rake total pressure
Tube D (4 in.) Tube E (4 in.) Tube F (4 in.) Tube G (4in.)
Exact area ratio of tube, 1024.5 Exact area ratio of tube, 1026.1] Exact area ratio of tube, 1027.7Exact area ratio of tube, 1029|3
(1.9345 in. from nozzle wall) (2.5645 in. from nozzle wall) (3.1615 in. from nozzle wall)] (3.7865 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
589 38.169 5.537 32911 4.775 31.239 4.532 28.471 4.131
592 36.235 5.257 30.381 4.408 31.069 4.507 28.721 4.168
593 36.281 5.263 31.744 4.605 30.946 4.490 28.29 4.104
51 [ I R T e e I B e N e
L] A I e T L e e (s I
e e e e e e D e D
Exact area ratio of tube, 430J8 Exact area ratio of tube, 435.0| Exact area ratio of tube, 439]1 Exact area ratio of tube, 443.p
(1.9155 in. from nozzle wall) (2.5375 in. from nozzle wall) (3.1515 in. from nozzle wall)| (3.7625 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
607 74.354 10.787 82.020 11.899 88.166 12.791 45.489 %.599
608 77.799 11.287 83.583 12.126 88.192] 12.795 44.368 %.435
609 75.397 10.938 85.257 12.369 88.384] 12.822 43.11p %.254
612 | @ - | e | e e e e e e
(<3 I T e e I B e T
S e e e e e e e

ElDamaged tube.

profile. Figure 42 illustrates the pressure profile obtained fromand 42 illustrate, there is good agreement between the experi-
the 440:1 configuration tests and shows bandsiafid* from mental results and the analytical predictions for the first
the TDK predictions. A slight dependence on mixture ratio is 2.54 cm (1.0 in.) and 1.27 cm (0.5 in.) in the 1037:1 and 440:1
also evident here as is the consistent agreement of the six firingsozzles, respectively. However, the TDK code overpredicted
and three rakes, defining one total pressure profile at the 440:the measured free-stream pressure at both axial locations,
location. perhaps because of combustion or shock losses in the nozzle.
For comparison, theoretical predictions were obtained fromThe free-stream pressure in these exit planes is a function of the
the TDK computer code for the 12 firings. A program option radius, making it difficult to sort out experimentally the free-
was used that provides the results that would be created dowrstream viscous pressure loss from the shock and combustion
stream of a normal shock if a pitot tube was placed into the flowlosses and making it difficult to measure the edge of the
field. Table XV tabulates these results, and they are graphicallypoundary layer. It is impossible to translate the measured
displayed as solid lines in figures 41 and 42 for the 1037:1- andgyjlobal combustion losses into the local-exit-plane pressure
440:1-expansion-area-ratio nozzles, respectively. Asfigures 41osses. The experimental results indicate very little variation
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Figure 41.—Analytical and experimental P/P¢ ¢ comparison. Area ratio, €, 1037:1.
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Figure 42.—Analytical and experimental P/P¢ ¢ comparison. Area ratio, g, 440:1.
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TABLE XV.—TDK/MABL PREDICTIONS OF BOUNDARY LAYER TOTAL PRESSURE

Reading| Nozzle exit Effective combustion Propellant TDK/MABL rake total pressure predictions
expansion chamber total pressurg mixture Tube A (1in.) Tube A (4in.)
area ratio, a ratio, Exact area ratio of tube, 1019.6Exact area ratio of tube, 1019{7
€ at nozzle entrance, O/F (0.0440 in. from nozzle wall)|  (0.0655 in. from nozzle wall)
Pc,e
MPa psia kPa psia kPa psia
589 1037 12.383 1796.5 397 | | 6.757 0.980
592 12.787 1855.1 591 | | e 7.631 1.107
593 12.484 1811.1 498 | | e 7.118 1.033
596 12.539 1819.1 4.91 5.185 0752 | - e
597 12.421 1802.0 3.89 4.853 704 | e e
598 12.870 1867.1 5.80 5.347 J76 | - e
Exact area ratio of tube, 4187 Exact area ratio of tube, 418.p
(0.0680 in. from nozzle wall)| (0.0900 in. from nozzle wall)
kPa psia kPa psia
607 440 12.684 1840.2 599 | | - 48.051 6.971
608 12.458 1807.3 49 | | e 45.514 6.603
609 12.321 1787.4 X e 44.391 6.440
612 12.760 1851.1 5.85 43.054 6.246 | | e
613 12.592 1826.8 4.76 40.689 5903 | -]
614 12.420 1801.8 3.84 38.835 5634 | @ - e
Reading TDK/MABL rake total pressure predictions
Tube B (1in.) Tube C (1in.) Tube D (1in.) Tube B (4in.)
Exact area ratio of tube, 1019Hxact area ratio of tube, 102p.&xact area ratio of tube, 1020.7 Exact area ratio of tube,10213
(0.0895 in. from nozzle wall) (0.3845 in. from nozzle wall) (0.4380 in. from nozzle wall)| (0.6796 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
589 | - | e | e - e 24.346 3.532
502 | - | e e - e 24.525 3.558
503 | - | e | e - e 24.098 3.496
596 9.002 1.306 18.935 2.747 19.933 28922 ( oA e
597 8.561 1.242 18.500 2.684 19.583 2841 - e
598 9.308 1.350 19.414 2.817 20.371 2955 [ - e
Exact area ratio of tube, 420 Exact area ratio of tube, 421.0Exact area ratio of tube, 4225 Exact area ratio of tube, 422.p
(0.2845 in. from nozzle wall) (0.4195 in. from nozzle wall) (0.6440 in. from nozzle wall)| (0.7045 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
607 | @ - | e e e e e 101.437 14.716
608 | @ - | | e e e 104.643 15.181
609 | - | e e e e e 111.232 16.137
612 70.922 10.289 82.826 12.016 98.742 14.325( -t e
613 70.129 10.174 83.536 12.119 102.318 14.843 -+ e
614 69.895 10.140 82.578 11.980 106.842 15500 = - -

%outside of theoretical boundary layer.
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TABLE XV.—Concluded.
Reading TDK/MABL rake total pressure predictions
Tube E (1in.) Tube F (1in.) Tube G (1in.) Tube C (4in.)
Exact area ratio of tube, 1021 Exact area ratio of tube, 102[L.Exact area ratio of tube, 1022.4Exact area ratio of tube, 1022,
(0.7535 in. from nozzle wall) (0.8240 in. from nozzle wall) (1.1280 in. from nozzle wall)| (1.3135 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
589 [ @ - | - e e e 36.650 5.317
502 [ - | e e e e e 34.113 4.949
503 [ - | e e e e e 34.688 5.032
596 25.621 3.717 26.862 3.897 32.025 4646 | - -
597 25.980 3.769 27.413 3.977 33.403 4846 | - -
598 25.704 3.729 26.848 3.895 31.570 4580 | @ - e
Exact area ratio of tube, 423.FExact area ratio of tube, 424.9Exact area ratio of tube, 4253 Exact area ratio of tube, 426.
(0.7455 in. from nozzle wall} (1.0125 in. from nozzle wall) (1.0805 in. from nozzle wall)| (1.2970 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
607 | @ - | e e e e e 61.990 8.993
608 | @ - | e e e e e 59.774 8.672
609 | - | e e e e e 58.040 8.420
612 104.774 15.200 (a) (a) (a) @ | - e
613 109.082 15.825 (a) (a) (a) @ | - e
614 115.044 16.690 (a) (a) (a) @ | - e
Reading TDK/MABL rake total pressure predictions
Tube D (4in.) Tube E (4in.) Tube F (4in.) Tube G (4in.)
Exact area ratio of tube, 102#iExact area ratio of tube, 1025.Exact area ratio of tube, 1027.7Exact area ratio of tube, 1029
(1.9345 in. from nozzle wall) (2.5645 in. from nozzle wall) (3.1615 in. from nozzle wall)| (3.7865 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
589 47.624 6.909 49.457 7.175 49.361 7.161 (a) (a)
592 42.027 6.097 43.771 6.350 43.660 6.334 (a) (a)
593 43.908 6.370 45,742 6.636 45.701 6.630 (a) (a)
56 | - | e e e e e e e
597 | | e e e e e e e
598 | - | e e e e e e
Exact area ratio of tube, 43Q.8xact area ratio of tube, 435.0Exact area ratio of tube, 439[1 Exact area ratio of tube, 443.
(1.9155 in. from nozzle wall) (2.5375 in. from nozzle wall) (3.1515 in. from nozzle wall)| (3.7625 in. from nozzle wall)
kPa psia kPa psia kPa psia kPa psia
607 (@) (@) (@ (@) (@) (a) (@ (@)
608 (@) (@) (@) (@) (@) (a) (@ (@)
609 (@) (@) (@) (@) () (a) (@ (@)
612 | - | e e e e e e e
613 | @ - | e e e e e e e
614 | - | e [ e | e | e | e e e

outside of theoretical boundary layer.

due to mixture ratio; they show a sudden drop in pressure angossibly in a relaminarization process caused by the highly
then a gradual asymptote to some core flow value. The analytifavorable pressure gradient or, perhaps, as a laminar sublayer.
cal predictions, however, indicate a larger variation in the totalThis process, which the code did not predict, would account for
pressure profile due to mixture ratio and also indicate a seemthe experimental performance and heat-transfer data falling
ingly sharp knee where they asymptote to some significantlybetween laminar and turbulent predictions. Predicting the meas-
higher core flow value. The code seems to overpredict theure of laminarization then becomes important for predict-

boundary layer thickness.

44

ing performance where laminar and turbulent predictions vary
Within measurement accuracy, these data suggest a turb8 percent, and it becomes critical to predicting heat transfer
lent boundary layer profile. However, a subtle profile changewhere experimental measurements and laminar and turbulent
developed between the 440:1 position and 1037:1, indicatingpredictions vary approximately 100 percent.
that the near-wall profile was becoming more laminarlike,
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Concluding Remarks attained performance was approximately 2.0-percent higher
than the turbulent prediction and approximately 0.5-percent
The results show that, based on the assumption of turbulenlower than the laminar prediction for the 1025:1 configura-
flow due to the throat Reynolds number, the TDK code predictstions. However, for the 440:1 configuration, the experimen-
performance better for the 440:1-nozzle configuration. Refer-tally attained performance was approximately 0.25-percent
ence 6 results are considered to have validated the TDK/MABLhigher than the turbulent prediction and approximately
code up to an area ratio of 300:1. Therefore, on the basis of thg.0-percent lower than the laminar prediction.
current resultand previous work, it would be reasonable to  Nozzle wall temperatures were measured on the outside of
conclude that the TDK/MABL code is validated up to an area a thin-walled heat sink nozzle during the test firings. Nozzle
ratio of 440:1. The results from the TDK turbulent model heat fluxes were calculated from the time histories of these
provide a nearly 2-percent overprediction of experimental temperatures. Values of the integral of heat flux as a function
results at an area ratio of 1025:1 and only an approximatelyof nozzle surface area were also calculated. So that they could
0.5-percent underprediction from the TDK laminar model. be directly compared with the analytical predictions, the
However, the TDK turbulent model underpredicted perfor- experimental values were adjusted in a number of ways. The
mance by only 0.25 percent for an area ratio of 440:1, whereageat flux, heat rate per unit length, and heat rate values were
the TDK laminar prediction was nearly 2.0-percent higher thanadjusted to what they would have been with complete combus-
experimental results. Although a 2-percent difference betweertion by the square of the characteristic exhaust velocity effi-
the turbulent prediction and experiment is not desirable at theciency hc*)z, The heat rate values were adjusted to a uniform
1025:1 area ratio, it is better to have a code that underpredictsombustion chamber pressieof 2063.1 psia (reading 577)
performance rather than one that is overly optimistic. Becausepy the factorl(bc)o-s, As a result, two systematic causes of data
the code seems to underpredict performance at high area ratioscatter were reconciled, and true variations in heat transfer as
it is possible that the boundary layer growth is overstated. Asa result of other functions became obvious. A comparison of
the boundary layer grows, it reduces the inviscid core size,experimental heat rate to the analytical predicted values shows
which might result in lower-than-expected predicted perfor- a very similarO/F dependence, although the experimental
mance. The exact nature of the boundary layer flow phenomwalues are lower than the predicted values. This shortfall of
ena is still one of the least understood and most difficult experimentally measured heat transfer is also evident in the
portions to model of any nozzle flow. Variations in the boundary comparison of the experiment to the analysis of heat flux and
model have generally been thought of as small for performanceheat rate per axial length.
calculations; but for high-area-ratio nozzles, that is not the case. A separate series of high-pressure rocket nozzle firings were
conducted to document the boundary layer profile of a high-
area-ratio nozzle. The nozzles had expansion area-ratios of
Summary of Results 1037:1 and 440:1 with a nominal throat diameter of 2.54 cm
(1.0in.). Characteristic exhaust velocity, nozzle thrust coeffi-

i cient, and thruster specific impulse were determined and com-
with the current JANNAF methodology of performance pre- nareq with nearly identical firings without boundary layer

diction. A gaseous hydrogen and liquid oxygen rocket thrustery 5 o5 to ensure applicability. As indicated by a comparison of

with a 1-in.-diameter throat was test fired at altitude, and theboundary layer total pressure profiles and analytical predic-
thrust performance, heat transfer rate, and total pressure prasong there was good agreement for 0.5 in. from the nozzle
files were measured. Firings with both a 1025:1 and a truncated ). pyt the further into the core that flow measurements were
440:1-expansion-area-ratio configuration were comparediaien the more TDK overpredicted the boundary layer thick-
with the predictions. The test firings were at combustion egs Several possible explanations exist, such as the possibil-
chamber pressures of 1800 to 2400 psia, and at propellanty of relaminarization due to the highly favorable pressure
mixture _ratlos of 3.9 to 6.0. The Reynolds number, based O”gradient, the size of the laminar sublayer, or the type of
throat diameterof the flow through the throat was 148° b lence waves present; however, more investigation is
to 2.05¢10°, depending on the mixture ratio and combustion required. The difference between measured and predicted
chamber pressure. - _ freestream pressures also indicates that local flow properties
Two performance predictions were made with the TDK com- g6 gignificantly affected by combustion efficiency and shock

puter code for each of the firings, one each with the BLM |4qqe5. The current methodology does not account for this
b(_)undarylayermodule and the MABL boundary layer module. process, which may be a key to improving high-area-ratio
Differences between the turbulent BLM and MABL results performance predictions.

proved insignificant, and further discussion was limited to the

MABL results. Results were also compared with predictions

using the laminar boundary layer model in the MABL module. Glenn Research Center

Comparisons of predicted performance to experimentally National Aeronautics and Space Administration
attained thrust performance indicated that the experimentallyCleveland, Ohio, March 31, 1999

Experimentally attained rocket performance was compared
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Appendix A

Symbols
nozzle exit area, f(in.?) k
nozzle surface area,?n(in.?) L,
nozzle throat area, ffin.?) L,
venturi throat area, fr(in.2) m

venturi discharge coefficient, dimensionless Q/F
vacuum thrust coefficient, dimensionless
theoretical, one-dimensional-equilibrium
(ODE) vacuum thrust coefficient (obtained p
from the Chemical Equilibrium Composition
(CEC) program), dimensionless P

theoretical, two-dimensional-kinetics (TDK)
vacuum thrust coefficient, dimensionless P

characteristic exhaust velocity, m/s (ft/s)

PeT
theoretical, one-dimensional-equilibrium ©
chamcteristic exhaust velocity (obtained from
the CEC program), m/s (ft/s)

. . P
diameter, m (in.)

P.
thrust (corrected for aneroid effect), N¢flb o

P
vacuum thrust (experimentally measured thrust ®
corrected to vacuum conditions), Nlb PJP;
acceleration due to gravity, 9.807 /s
(32.174 ft/3)

. Q
proportionality constant, 1 kg-m/N-s
(32.2 Iy, ft/lb-) q'

theoretical subsonic specific impulse inside
combustion chamber (obtained from the CEC Re

program), N-s/kg (Ips/Ib,)
vacuum specific impulse, N-s/kg (b/lb) R
theoretical, one-dimensional equilibrium vac-

uum specific impulse (obtained from the
CEC program), N-s/kg (fes/Ib,) T

conductivity, W/m-K (Btu/sec-in%F)
starting axial position, m (in.)
ending axial position, m (in.)
propellant mass flow

propellant mixture ratio (oxidizer flow divided
by fuel flow), dimensionless

ambient pressure in test capsule, kPa (psia)
chamber pressure

static pressure at injector end of combustion
chamber, MPa (psia)

effective combustion chamber total pressure at
nozzle entrance, MPa (psia)

combustion chamber total pressure after com-
bustion P, ,corrected formomentum pressure
loss), MPa (psia)

fuel injection pressure, MPa (psia)

oxidizer injection pressure, MPa (psia)

static pressure in nozzle, kPa (psia)
static-to-total pressure ratio in combustion
chamber (obtained from the CEC program),
dimensionless

heat rate, W (Btu/sec)

heat flux to inner wall of nozzle, WhAn
(Btu/in.2-sec)

Reynolds number based on momentum
thickness

local nozzle inner wall radius, m (in.)
local nozzle outer wall radius, m (in.)

temperature, K°R)
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T fuel injection temperature, KRR) >* boundary layer displacement thickness, cm (in.)
Ti nozzle inner wall temperature, KR) € nozzle exit expansion area raMAt’
dimensionless
T, nozzle outer wall temperature, RR)
€ thruster contraction area ratio, dimensionless
Toi oxidizer injection temperature, KK)
Nex characteristic exhaust velocity efficiency,
t time, sec percent
\ velocity through venturi throat, m/s (in./s) Neey vacuum thrust coefficient efficiency, percent
Vay mass-averaged injection velocity of propellants, n vacuum specific impulse efficiency, percent
Isp,v
m/s (ft/s) :
p fluid density, kg/ni (Ib,,/in.3)
a diffusivity, m%s
o standard deviation, dimensionless
AP nominal pressure drop, kPa (psid)
0 angle between nozzle wall and axis, deg
o boundary layer thickness, cm (in.)
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Appendix B

Laminar Boundary Layer Results

Table XVI presents the TDK/MABL predictions with the laminar boundary layer condition, and table XVII compares
the laminar boundary layer heat flux results with the TDK/MABL predictions.

TABLE XVI.—TDK/MABL LAMINAR PREDICTIONS

Reading [ Nozzle exit Effective combustion Propellant Predicted propellant flow ratq
expansion | chamber total pressure @t mixture ratio,
area ratio, nozzle entrance, O/F
€
Pc,e
MPa psia kag/s Ib./s
569 1025 12.326 1787.7 3.89 2.4926 5.4961
570 12.645 1834.0 5.97 2.7093 5.9740
571 12.488 1811.1 4.70 2.5718 5.6709
575 14.350 2081.2 4.65 2.9511 6.5071
576 14.605 2118.2 5.68 3.0960 6.8266
577 14.225 2063.1 4.47 2.9114 6.4196
580 v 16.364 2373.3 4.27 3.3321 7.3472
601 440 12.768 1851.8 6.15 2.7196 5.9968
602 12.542 1819.0 5.11 2.5830 5.6955
603 v 12.457 1806.7 4.01 2.4944 5.5001
Reading | Nozzle exit Computer code
expansion TDK/MABL Laminar
area ratio,
€ Predicted characteristic Predicted vacuum thrust, Predicted Predicted
exhaust velocity, Fy vacuum_thrus vacuum_thrus
C* coefficient, coefficient
Cev eﬁr|]C|ency,
Cev
m/s ft/s N I percent
569 1025 2505.14 8219.37 11975 2692.29 1.92 97.73
570 2364.44 7757.74 13088 2942.47 2.04 97.32
571 2459.70 8070.27 12432 2795.05 1.96 97.61
575 2463.32 8082.16 14271 3208.30 1.96 97.75
576 2389.69 7840.57 14995 3371.15 2.03 97.56
577 2475.18 8121.07 14070 3163.33 1.95 97.76
580 v 2487.78 8162.41 16094 3618.23 1.94 97.84
601 440 2349.84 7709.83 12733 2862.63 1.99 95.77|
602 2430.36 7974.01 12137 2728.56 1.93 95.93
603 v 2499.57 8201.08 11670 2623.55 1.87 95.96
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TABLE XVI.—Concluded.

Reading | Nozzle exit Computer code
éxpanison [ gpg ODK MOC TDK/MABL Laminar
area ratio,
€ Predicted Predicted Predicted
vacuum specific  vacuum  |vacuum specific
impulse, specific impulse
lepv im_pulse effic_:iency
e (adjusted), (adjusted),
Isp,V, Isp,v:
sec percent
569 1025 500.63 499.61 494.93 489.86 488.97| 97.67|
570 505.53 502.12 498.62 492.55 487.97 96.53
571 504.43 502.71 498.44 492.88 491.16 97.37
575 503.90 502.51 498.18 493.05 491.41 97.52
576 505.55 503.09 499.37 493.83 490.05 96.94
577 503.48 502.22 497.79 492.75 491.35 97.59
580 v 502.54 501.62 497.07 492.46 491.29 97.76
601 440 497.81 494.36 482.12 477.36 472.40 94.90
602 498.99 496.98 483.61 479.07 476.72 95.54
603 v 496.58 495.52 481.11 477.00 476.06 95.87
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TABLE XVI.—EXPERIMENTAL (nc- = 100 PERCENT) AND TDK/MABL LAMINAR HEAT FLUX DISTRIBUTIONS

Reading| Effective combustiofi Propellant Expansion area rato,
chamber total pressyrenixture ratio,
at nozzle entrance O/F 50 [ 100 [ 200
Pee Heat flux to nozzle wall
MPa psia kw/m | Btufin’s| kw/nf | Btufin’s | kw/nt | Btulin’s
Experimental adjusted m.* = 100 percent
569 12.326 1787.1 3.89 1428.00 0.8738 77480 0.4741  413.46  0.2530
570 12.645 1834.7 5.97 1857.97  1.1349 1025.82 .6377 538.48 3295
571 12.488 1811.1 4.70 1643.72 1.0098 903.76 .5324 470.83 .2881
575 14.350 2081.7 4.65 1815.81 1.1111 1009.31 .6176 54{7.80 3352
576 14.605 2118.2 5.68 2013.55 1.2321 1117.66 .6439  598.62 .3663
577 14.225 2063.1 4.47 1621.66 .9923 9423.47 5167 491.58 .3008
580 16.364 2373.3 4.27 1856.50 1.1340 107(d.43 .6850  588.98 .3604
TDK/MABL laminar
569 12.326 1787.1 3.89 536.69 0.3284 31247 0.1912 17B.23 0.1060
570 12.645 1834.7 5.97 745.7L 4563 46200 .2827 25b.76 .1565
571 12.488 1811.1 4.70 598.18 .3660 367.p2 2247 20[L.50 1233
575 14.350 2081.7 4.65 630.00 .3855 38977 2385  21p.86 1327
576 14.605 2118.2 5.68 755.68 4624 4679 2860  26B.11 .1610
577 14.225 2063.1 4.47 605.16 3703 365,68 2237 20B.30 1244
580 16.364 2373.3 4.27 611.317 3741 38486 .2355 21p.23 1317
Reading Expansion area ratie,
300 | 388 | 500 | 635 | 800 | 975

Heat flux to nozzle wall

kwim? | Btu/in?s | kwin? |

Btu/in’s [ kwin? | Btu/in’s| kw/n? | Btu/in’s| kw/n? | Btu/in’s| kwint | Btu/in’s

Experimental adjusted tg* = 100 percent

569 297.92 0.1823 239.4p 0.1465 180.p1 0.11p7 153.13 0.0p37 143.49 0J0878 122.24
570 378.33 .2315 297.7p .1822 220.f9 .13b1 17Q.78 .1p45 133.84 0819 111.62
571 336.16 .2057 267.0¢ .1634 200.59 .12p8 153.74 .0p53 126.33 0773 103.77
575 384.70 .2354 302.5p .1851 225.86 .13[79 178.30 .1p91 140.38 0859 118.97
576 414.12 .2534 327.6y .2005 243.50 .14p0 189.90 1162 145.77 0892 124.20
577 353.00 .2160 279.9b 1713 209.118 .12B0 166.20 Ap17 136.62 0836 118.32
580 411.67 .2519 327.34 .2003 245.79 .15p4 189.25 11158 148.55 0909 127.47
TDK/MABL laminar
569 117.18 0.0717 91.5p 0.0560 69.52 0.04p6 52179 0.0B23 40.20 0.p246 B1.87
570 173.23 .1060 132.8p .0813 103.p8 .06p2 78161 .0481 5p.16 .p362 16.58
571 137.77 .0843 106.88 .0654 80.73 .04p4 62/59 .0B83 46.74 .p286 B7.59
575 148.55 .0909 114.0f .0698 88.p9 .05B9 67149 .0413 50.50 .p309 B9.55
576 178.13 .1090 136.18 .0833 106.89 .06p1 80]73 .0494 60.96 p373 18.05
577 138.09 .0845 106.7p .0653 83.|L8 .05p9 64123 .0B93 417.88 .p293 B7.91
580 146.76 .0898 113.4p .0694 87.Y6 .05B7 67/00 .0410 50.50 .p309 10.20

50

.0748
.0683
.0635
.0728
.0760
.0724
.0780

.0195
.0285
.0230
.0242
.0294
.0232
.0246
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